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Chapter 1
Introduction
After more than 2 decades of intensive research on the cuprate high transition tem-
perature superconductors [1], the discovery of a new superconducting family, the
iron pnictides, opens a new chapter in the research on superconducting materials. In
March 2008, a paper from the group of Hideo Hosono in Japan revealed the existence
of superconductivity in a layered iron arsenide material: LaFeAsO1−xFx (x= 0.05 –
0.12), with a transition temperature (TC) up to 26 K [2]. Subsequent research from
other groups showed that replacing the lanthanum in LaFeAsO with other rare earth
elements such as Cerium, Samarium, Neodymium or Praseodymium leads to super-
conductors with TC up to 56 K [3]. Besides the high critical temperature, there are
further striking similarities to the properties of the high-TC cuprates. The oxypnic-
tides have a layered crystal structure with alternating FeAs and LaO sheets, where
the Fe atoms of the former are arranged on a simple square lattice [2]. Again similar
as in the cuprates, superconductivity emerges when doping a magnetic mother com-
pound with electrons or holes and thereby suppressing the magnetic order (e.g. [4]).
This suggests an interesting interplay between magnetism and superconductivity.
In addition to the interplay of magnetism and charge carriers, structural degrees of
freedom provide another important aspect for understanding new magnetic mate-
rials. An experimental approach to investigate this aspect is to study the thermal
expansion and magnetostriction coefficients which are associated with the changes
of the macroscopic sample length with temperature T and magnetic field H, respec-
tively. The large interest in thermal expansion and magnetostriction is connected
to the fundamental importance of the interaction between the electronic and lattice
degrees of freedom for superconductivity and magnetism, which is one of the most
important features also of iron pnictides. Also, they give us a way to understand
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the pressure dependencies of the respective ordering phenomena and the thermody-
namic properties of the material, and provide valuable insight in the relevant energy
changes and the magnetic field induced structural changes.
The main goal of the present work is to take advantage of the high-precision dilatom-
etry for thermal expansion and magnetostriction measurements in order to inves-
tigate the interplay between superconductivity, magnetism and lattice. The ther-
mal expansion coefficient is a thermodynamic response function which enables to
investigate structural phase transitions as well as the couplings of any ordering
phenomenon to the lattice in detail. Usually, for cuprate superconductors, dilato-
metric studies have shown a variety of interesting effects in the thermal expansion
[5–9]. For the new iron based superconductors, take the 1111 type for instance, the
most obvious phenomena observed in the undoped mother compound are a struc-
tural transition [10] and a magnetic transition [11, 12] at intermediate temperature
(above 100 K).
The approach of high-precision thermal expansion measurements for these new su-
perconductors is successfully realized by employing our miniature three-terminal
dilatometer. Among several often used techniques, such as X-ray diffraction, strain
gauges and interferometry, the high resolution capacitance dilatometry is believed
to be the most suitable candidate to perform very accurate measurements. In order
to get a well working setup, a shielding tube is used here to reduce the contact
with the liquid Helium, and also two different temperature controlling systems are
employed to get stable thermal environment. By improving the measurement setup
and the calibration, a well established measurement setup with high resolution up
to 10−7 is obtained.
In the frame of the work at hand, several studies have been done on so-called
"1111" compounds of the RFeAsO1−xFx system. In addition, first data on sin-
gle crystals of the "122" material Ca(Fe1−xCox)2As2 are presented. In particu-
lar, LaFeAsO1−xFx has been investigated for the first time, as well as undoped
RFeAsO with R = La, Ce, Pr, Sm, Gd. In LaFeAsO1−xFx, the lattice effects at
the structural and the magnetic phase transition have been investigated and the
phase diagram upon F-doping has been studied. A main result is the observa-
tion of a previously unknown fluctuation regime in the phase diagram and of the
absence of any structural anomalies in the normal state of the superconducting
LaFeAsO1−xFx samples. Similar measurements for RFeAsO with different Rare-
earth substitution ions (R = La, Ce, Pr, Sm, Gd) are done. According to the com-
parison and discussion, a similar behavior at high temperature is found, while at low
temperature, different behavior is found for different compounds, which is believed
2
to be caused by the different configuration for the magnetic moment of the rare-
earth ions. In particular, PrFeAsO shows unusual results which have been studied
in further detail. A large magnetic field dependence at low temperature (below the
ordering temperature of iron) is found. Ca(Fe1−xCox)2As2 is one of the first materi-
als where single crystals are available. Here, the anomalies of the thermal expansion
are much more pronounced and the data allow to study the interplay of structure,
magnetic and electronic degrees of freedom.
This work consists of two main parts. The first part (chapter 2 and chapter 3) intro-
duces basic thermodynamic properties (chapter 2) as well as the experimental setup
which is described in detail in chapter 3. The second part presents the experimental
results and the discussion of the data. After a short introduction to the iron pnic-
tides (chapter 4), the results and discussion for the 1111 system is concentrated on
LaFeAsO1−xFx (chapter 4) and on PrFeAsO (chapter 6). The overview on undoped
compounds RFeAsO is presented in chapter 5. Data on Ca(Fe1−xCox)2As2 122 are
discussed in the last chapter of this part. Finally a summary is given.
3
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Part I.
Theoretical background and
experimental techniques
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Chapter 2
Thermodynamic background
In this chapter, the theoretical background of thermal expansion and magnetostric-
tion will be discussed. The relation between thermal expansion and specific heat,
magnetization and magnetostriction are derived from the thermodynamic poten-
tials. Also, in order to understand the experiments which will be presented later,
the classification of phase transitions and the prospective behaviors for thermal
expansion and magnetostriction are discussed in this chapter.
In order to avoid confusion, we first define the symbols used for different physical
properties:
• αL Linear thermal expansion coefficient, defined as
αL(T ) =
1
L
∂L
∂T
with the sample length L, and L = L(T ,H, p, ...). A similar definition can
be applied on volume thermal expansion coefficient αV , αV = 1/V ∗ ∂V /∂T ,
with the sample volume V , V = V (T ,H, p, ...). The linear thermal expansion
coefficients αi along the crystallographic axis i = 1, 2, 3 are related to the
volume expansion coefficient as:
αV (T ) =
3∑
i=1
αi(T )
• βL Linear magnetostriction coefficient. In principle, β is also defined along
axis i with field parallel to j:
βij(T ) =
1
Li
∂Li
∂Hj
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In this work, the special case i = j is taken, and the βij is simplified as:
βL =
1
L
∂L
∂H
with the sample length L of the same direction where the magnetic field is ap-
plied on. A similar definition is applied on volume magnetostriction coefficient
βV , βV = 1/V ∗ ∂V /∂H
• Cp Specific heat at constant pressure, defined as the ratio of a small amount
of heat δQ added to the material, to the corresponding small increase in its
temperature dT .
Cp =
δQ
dT
eq. (2.1)
• Γ (T ) Grüneisen parameter. Section 5.2
As the origin of thermal expansion and magnetostriction is related to changes in
the thermodynamic potential, the next chapter discusses these properties from the
thermodynamic point of view.
2.1. Thermodynamics
To discuss the status of a certain system, in our case, solid, first we know the Gibbs
free energy is shown as:
G(p,T ,H) = U − TS + pV + µ0V HM
Here, T is the temperature, H is the magnetic field, U is the total energy, S is the
entropy, p is the pressure, V is the volume,M is the magnetization per unit volume.
The change of U can be written as:
dU(S,V ,M) = TdS − pdV + µ0V HdM eq. (2.2)
Using this, the differential of the Gibbs free energy can be represented as:
dG = −SdT + V dp+ µ0VMdH eq. (2.3)
8
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Then it is easy to derive the following relations for volume and entropy at constant
temperature and pressure, respectively:
S = −∂G
∂T
|p,H eq. (2.4)
V =
∂G
∂p
|T ,H eq. (2.5)
M =
1
µ0V
∂G
∂H
|p,T eq. (2.6)
It can be seen that S and V are the first order partial derivatives of Gibbs free energy.
Then according to the definition for thermal expansion α and magnetostriction β,
they can be written as:
αV =
1
V
∂V
∂T
=
1
V
∂2G
∂p∂T
|H eq. (2.7)
βV =
1
µ0V
∂V
∂H
=
1
µ0V
∂2G
∂p∂H
|T eq. (2.8)
Cp = T
∂S
∂T
= −T ∂
2G
∂T 2
|p eq. (2.9)
It can be seen that α and β can be classified as the second derivative of the Gibbs
free energy. Using equation 2.4 and 2.6, α and β can be written as
αV = −
1
V
∂S
∂p
eq. (2.10)
βV =
∂M
∂p
eq. (2.11)
α is the pressure derivative of entropy, and β is the pressure derivative of magneti-
zation. These relations give a better idea of what happens in a solid.
2.2. Classification of phase transitions
At the phase transition (PT) point, the thermodynamic potential (Gibbs free energy
or Free energy F ) should be equal in both phases, that means the thermodynamic
potential of the system remains continuous. But in the n-th order differential of the
thermodynamic potential, for example entropy (n = 1), volume (n = 1), specific
heat (n = 2), a discontinuous change may happen, thereby determines the order
of the phase transition. That is the classification method which was first suggested
9
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by P. Ehrenfest in 1933. A n-th order phase transition is defined as follows: the
(n− 1)-th order derivative of the thermodynamic potential keeps continuous, while
the n-th order derivative is discontinuous.
According to this classification, for 1st order phase transitions, the first order deriva-
tive of G (or F ) has a discontinuous change at the transition point, thus, e.g., the
change of entropy S or volume V is discontinuous. E.g., upon crossing the phase
transition, the system absorbs a certain amount of latent heat [QLat] according to
dS = δQ/T . For 2nd order phase transitions, S and V are continuous. Instead, the
second derivatives of G, such as Cp, α and β, are discontinuous. There is no latent
heat here, but for ideal 2nd PT, a peak which has the shape like Greece letter λ
can be observed. Therefore, the 2nd PT are also called λ phase transition. However
in real cases, for instance the specific heat measurement, the λ-anomaly is only one
possibility, there also can be just a jump with no special shape. Fig. 2.1 shows the
behavior for different properties at the transition point Tc.
In nature, most of the observable phase transitions are 1st order, such like transition
from gas to liquid and some structural distortions in metal and alloys. The tran-
sitions which belong to the 2nd order are special ones like ferromagnetic ordering,
superconducting transition etc.
2.3. Ehrenfest relation
Only from mathematical point of view, one important relation can be derived from
equations 2.3 and 2.7. For constant magnetic field, dH = 0, we can get:
− ∂V
∂T
|H =
∂S
∂p
|H eq. (2.12)
The left part represents the thermal expansion, and the right part shows the relation
to the pressure dependence of entropy.
At the critical point, for T = Tc , G1 and G2 are the same. Thus we get:
G1 −G2 = dG = 0
Thus, according to eq.2.3, for constant magnetic field,
(V2 − V1)dp = (S2 − S1)dTc ⇒ ∆V dp = ∆SdTc
10
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T
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G G
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δ ΔQ S T= * c
V SM, .( ..)
Figure 2.1.: The change of several physical properties at a 1st and a 2nd order phase
transition.
dTc
dp
=
∆V
∆S
eq. (2.13)
This is the Clausius Clapeyron relation, which characterizes a discontinuous phase
transition between two phases of matter. For a second or higher order phase tran-
sition, ∆S and ∆V are zero. But if we define S1 and S2 as the entropies for the two
phases near the critical temperature Tc, S2 = S1, and S is a function of T and p,
according to the complete differential equation of S(T , p):
dS1 =
∂S1
∂T
dT +
∂S1
∂p
dp =
∂S2
∂T
dT +
∂S2
∂p
dp = dS2 eq. (2.14)
⇒ ∂S1
∂T
dT − ∂S2
∂T
dT =
∂S2
∂p
dp− ∂S1
∂p
dp eq. (2.15)
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Then, following equation.2.9,2.10 we got:
∆α = α2 − α1 = −
1
V
(
∂S2
dp
− ∂S1
dp
)
=
1
V
(
∂S2
dT
− ∂S1
dT
)
dT
dp
=
∆Cp
TV
dT
dp
Reminding that this happens at the critical point for the transition:
dTc
dp
= V T
∆α
∆Cp
eq. (2.16)
This is the Ehrenfest relation for a second order phase transition. This relation is
very useful for experiments, as once we measured the change of thermal expansion
∆α and specific heat ∆Cp at a phase transition, it will be easy to predict the pressure
dependence of the critical point, thus to guide the proceeding measurements.
2.4. Grüneisen parameter and inner origin of thermal
expansion
The Grüneisen parameter, Γ , named after Eduard Grüneisen [13], describes the
effect that changing temperature, or thermal energy, has on the size or dynamics of
a crystal lattice. It can be used to describe the inner physical meaning of thermal
expansion.
The Grüneisen parameter Γ is defined as:
Γ = Vmol
κ
αV
Cp
eq. (2.17)
With the molar volume Vmol, isothermal compressibility κ = -V −1 × dV /dp, ther-
mal expansion αV and specific heat Cp. This is the so called Grüneisen relation.
Experimentally, it has been found that the ratio is rather constant over a wide
range of temperature for many solids, thus the values of Γ are often listed under
the title "Grüneisen constant". And, the proportionality of Cp and αV described by
Eq. 2.17 is also called "Grüneisen scaling". As the compressibility is rather constant,
if Γ = const, that means α and Cp have the same T dependence. This is the case
if one energy scale is present, for instance, when only phonons contribute.
If a system has only a phonon contribution to specific heat and thermal expan-
sion, and by using the quantum Einstein model, assuming the 3N independent
12
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harmonic vibration modes in this solid system all have a same frequency ω, the
Grüneisen parameter Γ also can be written as the formula which is often shown in
text books [13, 14]:
Γ = − dlnω
dlnV
eq. (2.18)
As can be seen, the Grüneisen parameter is a function of the vibration frequency ω.
A popular explanation of thermal expansion assumes central forces between pairs
of interacting atoms. Next, the simplest case of equation 2.18 is discussed, the 1-
dimensional monotonic chain. Assuming the equilibrium distance between atoms is
a, the potential energy of the lattice expansion is:
U(r) = U(a+ δ) = U(a) +
1
2
Ü(a)δ2 +
1
6
...
U (a)δ3 + ... eq. (2.19)
Then the vibration frequency is
ω2 =
4Ü(a)
m
sin2(1
2
aq) eq. (2.20)
Here only β depend on the length of the chain Na (the chain length can equals to
the volume V of the 3-dimensional crystal lattice). So according to the definition
equation 2.18, the Grüneisen parameter is written as:
Γ = − dlnω
dlnV
= − dlnω
dlnNa
= −1
2
[
dlnÜ(a)
dlnNa
] = −a
2
[
...
U (a)
Ü(a)
] eq. (2.21)
The first and second order terms of equation 2.19 are called harmonic approximation,
the higher orders are called anharmonicity effect. If the anharmonicity effect doesn’t
exist,
...
U (a) = 0, then according to the equation above, Γ = 0, there is no thermal
expansion. That means, if the vibration is strictly harmonic, there is no thermal
expansion. The thermal expansion effect is caused by anharmonicity effects between
the atoms.
This is more easily seen in Fig.2.2. The black curve represents the real potential
curve between atoms. The dashed line represents the harmonic approximation, it
is a parabola totally symmetric to the line r = a. The slope of the curve directly
reveals the interaction force between the atoms.
Force between atoms = −dU(r)
dr
eq. (2.22)
13
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r
U(r)
a
Figure 2.2.: The anharmonicity effect of lattice dynamics is presented. The solid line
represents the real anharmonic potential curve between atoms. The dashed
line represents the harmonic approximation. r = a is the equilibrium posi-
tion.
In the harmonic vibration case, for +δ and −δ, the sign of the slope is just opposite,
means the force equals zero. By contrast, since the anharmonicity effect can cause
some force difference while vibrating, a finite thermal expansion effect appears. This
model reveals the most generally important mechanism for thermal expansion, and
correctly suggests that atomic vibrations give rise to the thermal expansion because
of anharmonicity.
αsum = αphonon + αelectron + αmagnetic + ... eq. (2.23)
In real cases, besides the phonon contribution, non-vibrational contributions can
also occur and may be spectacular, especially at low temperatures where vibrational
effects are small. In principle, any contribution to the free energy (e.g., electronic,
magnetic, nuclear spin, etc.) can affect the thermal expansion. Thus the thermal
expansion contributions can be written as the sum of contributions of different
subsystems, shown in 2.23.
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Chapter 3
Experimental methods and
techniques
In this chapter I will introduce the measurement setup used for thermal expansion
and magnetostriction measurements. Most importantly, the 3-terminal miniature
capacitance dilatometer will be introduced. In addition to the detailed construction,
also the calibration and testing procedure will be explained.
3.1. The measurement setup
The general assembly of the measurement setup is shown in Fig. 3.1. Our sam-
ple holder with the dilatometer is installed inside a gas-flow cryostat (Oxford
Instruments) and shielded by an additional isolation tube. A capacitance bridge
(AH2500A) is used for recording the changing capacity of our dilatometer. A su-
perconducting magnet which can apply fields up to 18 T is controlled by power
supply PS120. Two temperature controllers (LS340 and ITC503) are used to con-
trol the changing speed of temperature during thermal expansion and can generate
a static temperature environment for magnetostriction measurement. All devices
are controlled by a computer.
3.1.1. Capacitance bridge
The AH2500A 1kHz Ultra-Precision capacitance bridge is used for measurements.
The bridge is connected to the capacitor plates by means of two coax cables (see
15
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Temperature
sensor
18T Magnet
Dilatometer Heater
VTI
Temperature
Control setup
Oxford ISOBUS cable
GPIB cable
GPIB cable
LakeShore cable
(bundle of two sensor and heater cables)
Capacitor bridge cable (bundle of two coax cables)
Computer PS 120
ITC503
AH2500A
C-Bridge
LS 340
T controller
GPIB RS-232
Low
High
Input A
HI
LO
Sensor C
cable
Heater cable
Thermal expansion measurement block diagram
Sensor2
Vacuum
chamber
VTI
Figure 3.1.: Block diagram of measurement setup.
Fig. 3.1). The setting parameter for average time for measurements is 4 which gives
an average for 4 times counting in 0.1 sec. The two coaxial cables provide electron-
ically shielding in order to reduce noise. This shielding is necessary for high precise
measurements.
3.1.2. 18 T magnet
The 18 T magnetic cryostat purchased from Oxford instruments is used for providing
magnetic fields up to 18T. Liquid 4He is used for cooling both the superconducting
16
3.1 The measurement setup
magnet and the experimental setup. The cryostat has an additional outer jacket for
liquid nitrogen in order to reduce the He consumption. The length of the sample
stick is careful adjusted to ensure our measurement setup – capacitance dilatometer
– is at the center of the magnetic field, to allow measurements in accurate nominal
homogeneous magnetic field and certain field direction (see Fig. 3.1).
Figure 3.2.: He cryostat providing the temperatures from 2 K - 300 K and magnetic fields
up to 18 T.
3.1.3. Sample holder and the vacuum chamber
At first of the build up procedure, the dilatometer was exposed to helium gas flow
while measuring. However, some testing measurement showed that in this situation,
the liquid Helium will condense between the upper and lower plate of the capacitance
dilatometer, making a huge signal of the change of dielectric constant. Thus we
improved the sample holder by using a tube which can be evacuated to shield our
sample holder against the He gas flow. By tuning the vacuum gauge on the top of
the tube, the amount of helium gas inside the tube can be adjusted. The pressure
inside the tube must be large enough to get adequate thermal coupling between
inside and outside the tube, but not too large to avoid the condensation of helium
at low temperature. Suitable pressures at 300 K are 50mbar ∼ 90mbar. By lowering
17
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the temperature down to 4.2 K, the pressure decreased to ∼ 5mbar. This value is
far smaller than the standard atmospheric pressure 1 Bar, and also smaller than the
pressure applied by dilatometer screw itself, thus the pressure change coursed by
temperature change is negligible.
Figure 3.3.: The vacuum chamber and the sample holder. The chamber can effectively
isolate the dilatometer from the flowing gas that is used for cooling the
system and get more stable and less influenced environment.The vacuum
gauge is used to adjust the amount of helium gas inside.
3.1.4. Temperature control system
There are two temperature controllers (LakeShore 340 and Intelligent Temperature
controller (ITC) 503), as well as two temperature loops (Variable Temperature In-
sert (VTI) and the Lake shore (LS) controlled heater) in the system. Using two
temperature control systems improves the temperature stability necessary for mag-
netostriction experiments as well as the stability of the temperature sweep rate
during thermal expansion measurement. The VTI heater is fixed to the bottom of
the cryostat. The temperature is controlled by heating He gas flowing through the
VTI chamber. This leads to large and non-reproducible temperature fluctuations
in the cell and to a large cell effect on the measured capacitance. Therefore, a sec-
ond heater and temperature control loop was used. This LS heater surrounds the
dilatometer and leads to a uniform temperature environment. The construction of
LS heater can be seen in Fig. 3.1 and Fig. 3.4.
So for measurement, it is better to keep both control systems working. The VTI
heater stabilizes the whole environment, and the LS heater provides a homoge-
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neous sample temperature. Appropriate PID parameter for both the two systems
are selected for measurements because inadequate PID values will give rise to large
fluctuations of the temperature. The setpoint temperature for the LS heater is set
a little bit higher than that of VTI, to avoid the influence of the temperature fluc-
tuation from outside of the shielded tube. This trick can make full use of the LS
heater and get more temperature stability.
Figure 3.4.: Lake shore 340 controlled heater, evenly surrounds the dilatometer, yielding
well-defined temperature environment.
3.2. The new capacitance dilatometer
At present, there are a lot of methods to measure the structure change of a solid
state specimen, e.g: X-ray [15] and neutron scattering [16] (from microscopic point
of view), strain gauges [17, 18], capacitance dilatometry [19] and interferometry [20]
(from macroscopic point of view). They all have their advantages and disadvantages.
As for X-ray and neutron scattering, they can determine the atomic positions in
the crystallographic unit cell and are very suitable for polycrystalline materials,
while they need a lot of pre-preparation works and are rather time consuming for
single crystal samples. Moreover, application of magnetic fields is difficult. From
macroscopic point of view, there are also several kinds of techniques, strain gauges
for instance, the main principle of it is to glue the strain gage to the surface of
the sample, the length change can be reflected by the resistivity change of the gage
material. This method also has its limitation, that it needs a large flat surface to
attach the gage which is sometimes quite difficult to achieve.
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( )3
( )2
C12
C23C13
H L
Figure 3.5.: Left: schematically shows the three terminals of the capacitance cell. The
conductor (3) completely surrounds the other two conductors ((1) and (2))
and in practice forms the local earth shield. Right: the equivalent circuit for
the three-terminal approach. Ref. [21, 22]
Nowadays, the most importantly and representatively used measurement method
is capacitance dilatometry [23]. The important advantage is the high resolution. In
case of high temperature superconductive material, the expected relative thermal
expansion signal ∆L/L is around 10−8 ∼ 10−5, which is up to thousand times
smaller than in case of ferromagnets which can have large magnetostriction signal.
Thus very accurate signal measurement and treatment is inevitable in order to get
useful data for analysis. In that sense, the capacitance dilatometer method is the
most suitable one.
The origin of the dilatometry method can be traced back to 1961, when White [21]
reached the high resolution of ∆L/L ∼ 10−7 by using the first three-terminal capac-
itance cell, Fig 3.5 shows the main principle of it. As shown, the direct capacitance
C12 (by movable and fixed electrode), which appears between the HIGH and LOW
terminals is the main part for measuring the capacity change which is caused by
the sample placed in between. C13 and C23 are the capacitance of the inner cur-
rent towards the ground, working as a shielding [21, 22]. Later, this design principle
of the absolute and relative dilatometer has been adopted and improved by many
researchers [24–26] in order to meet different situations, e.g: higher or lower temper-
atures, high magnetic fields, irregular sample shape and etc.
In this dissertation, a three-terminal capacitance dilatometer with tilted plate is
used. This dilatometer is made of silver which can be used for a wide temperature
range and in high magnetic field with good reproducibility. The tilted plate principle
[19, 27, 28] on which the design of my dilatometer is based, gives the opportunity to
measure small and irregular shaped samples. The tilted plate capacitance formula is
used for calculation of the capacitor gap. Testing measurements on typical reference
materials, Cu [29–31] and Aluminium [31] have been done and give out steady and
correct results.
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3.2.1. Design of the cell
Housing Capacitance plates
Sample
d
r0 ri
b
ds
k
Silver sample
Figure 3.6.: Real capacitance dilatometer and the schematic drawing of it.
The basic design of the capacitance dilatometer is a direct dilatometer, which means
that the expansion of a sample located between the two capacitance plates can
influence the distance between the plates directly. Fig. 3.6 shows the outside look
and the schematic drawing of the capacitance dilatometer we are using.
It contains two important parts, called upper part and lower part, which also can
be seen in Fig. 3.8. The lower part consist of a plate holder and a circle-like lower
capacitance plate. In the center of the plate, there is a little round plate from
sapphire that serves as the sample supporter. The upper part consists of the up-
per plate holder and the circle-like capacitance plate. At the center, a cylindrical
sapphire plate allows the sample to settle on and also isolated the sample to the
capacitance plate. To adjust the initial position of the two capacitance plates to
be parallel, a silver sample is used to make sure the total length (sample length +
silver sample length) can be the same at every measurement. As seen from Fig. 3.6,
the sample is settled in the center of the cell. The size of the cylindrical sample hole
determines the maximum sample size. The hole is 4.7mm in hight and with the
diameter φ 6 2.8mm, which means the sample should not larger than it.
All the mechanical connections of the dilatometer are carried out by tiny Cu-Be
springs, enabling the small force on the sample to be adjusted (50 - 500 mN) [23]
and no additional sample fixing is necessary. The two round capacitance plates and
also the sample are strictly isolated from the housing by sapphire washers (blue
square in Fig. 3.6). The two needle bearings (see Fig. 3.8) give out the pivot point
position and can prevent the unstable moving between upper and lower parts. This
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two needle bearings also determine the distance k for the two capacitance plates.
For parallel case for the two plates, the d = k, see Fig.3.6.
H
Cell holder
LS heater
Isolating tube
center position
of magnetic field
Figure 3.7.: The two possible positions of the cell
As shown in Fig. 3.7, there are two possible positions of the cell, making it possible to
align the dilatometer parallel and perpendicular to the magnetic field. Both positions
are carefully determined to ensure the sample is at the center of the magnetic field.
And the surrounded heater guarantees an homogeneous thermal environment.
3.2.2. Calibration equation
ri
r0
b
pivot point
Capacitance plate
Sample hole
Figure 3.8.: Inner view of the capacitance dilatometer.
The capacitance dilatometry as it is used here is a relative measurement method,
transferring the sample length change to the change of capacitance signal which
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is easy to measure. As the measurement of ∆L/L is indirect, it needs calibration.
As is well known, for the plate capacitor, the relation of length of gap d and the
capacitance C is given by:
C =
ε0S
d
eq. (3.1)
with the vacuum permittivity ε0 = 1/4kπ, this is an constant value with
k ≈ 9.0× 109N ·m2·C−2. d represents the distance between the plates, and S is
the surface area of the inside capacitance plate. For our case, the two round capac-
itance plates are not parallel, therefore a tilted plate capacitance principle [19, 28]
has been introduced, and the relation of measured capacitance C(T ) to the gap
d(T ) is given by:
C(T ) =
2ε0
dT
[A0(T )
(1−
√
1− γ20)
γ20
−Ai(T )
(1−
√
1− γ2i )
γ2i
] eq. (3.2)
with
γ20 =
r0
b
[
k(T )
d(T )
− 1] eq. (3.3)
γ2i =
ri
b
[
k(T )
d(T )
− 1] eq. (3.4)
where r0 is the outer plate radius, ri is the inner plate radius, b is the distance
between center of capacitor and pivot point (shown in Fig. 3.8). The plate distance
k at the pivot point is T dependent and given as:
k(T ) = k(T0) + 2ds[
∆lAg−lit
l
(T )−
∆lSapphire
l
(T )] eq. (3.5)
Where k0 is the pivot distance at T0 = 300 K, ds is the thickness of the sap-
phire washers, ∆lAg−lit/l(T ) is the thermal expansion of Ag from literature [30].
∆lSapphire/l(T ) is the thermal expansion of sapphire from literature [32].
The inner and outer capacitance area Ai = (r2i π) and Ao = (r2oπ) also have to be
considered as a function of temperature, written as:
Ai(T ) = Ai(T0)[1 +
∆lAg−Lit
l
(T )]2 eq. (3.6)
Ao(T ) = Ao(T0)[1 +
∆lAg−Lit
l
(T )]2 eq. (3.7)
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The distance d(T ) we want to obtain is involved in equation 3.2,3.3,3.4, thus to
solve this, computer supported software has been used. In order to solve this, still
several initial parameters have been needed.
• C0 - capacitance at parallel plates of the dilatometer (T = 300 K), this value
is used to determine the k(T ).
• b - distance between bearings and center of the bottom plate (T =300 K).
• ri - inner diameter of the capacitance plate (T = 300 K).
• ro - outer diameter of the capacitance plate (T = 300 K).
These parameters should be determined after each reassembling of the dilatometer
as each slight moving of the parts can cause a change in the values. Once settled, the
parameters can be used for each measurement until next assembling. Among these
four parameters, C0, b can be measured directly as we can see from Fig. 3.6,3.8. For
the ri and ro, the fringe effect should come into account. Actually, the ri and ro
we use in the equation are the effective values, which deviate from the real radii.
The fringe effect has been declaimed to be significant only for large capacitance
changes, but in real case, the ri and ro we use in the calibration equation do have
some deviation from the real diameter of the capacitor plates.
Figure 3.9.: The device used for testing the calibration equation. The stick which is fixed
to a micrometer can go inside the dilatometer and push the capacitance
plates apart by rotating the micrometer screw.
In order to find the suitable parameters and testing the properties of the dilatometer,
we can use a simple method. First, we separated the capacitance plates mechanically,
and recorded the length change d1 (as shown in Fig. 3.10 the forced gap d1) and the
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accordingly changed capacitance C(d1). Second, the measured capacitance C(d1) is
used to calculate the length change d2 for given parameters. Next step is to compare
the d1 and d2. If they are the same, means the calibration is appropriate and the
device works well; if not, change the parameters has to be carefully adjusted in
order to find the most suitable ones.
Fig. 3.9 shows the tool used to change the distance of the two plates. The stick
in front of the micrometer goes inside the dilatometer and moves the capacitance
plates away from each other. At the same time, the capacitance value is recorded.
By rotating the micrometer stepwise, the change of the capacitance with changing
plate distance is measured.
Fig. 3.10 left shows the distance change measured by the micrometer (x-axis Forced
gap d1), and the capacity signal recorded by capacitance bridge (y-axis Capac-
ity). The capacity signal shown here have to be calibrated into the length change.
Fig. 3.10 right shows the calculated gap (red square d2), compared to the gap change
recorded by the micrometer, using the four parameters given in Fig. 3.10. In these
four parameters, C0 and b are measured directly, while for r0 and ri, because of the
fringe effect of the capacitance plates, they differ slightly from the real radii of the
plates. The effective ri and ro are obtained by adjusting them to get a good linear
behavior.
As shown, by using the correct parameters, the calculated result agrees with the
real length change, which means the calculated results corresponds to the real case.
Now we finish the first step of the calibration: from the recorded capacitance change
to the distance change of the two capacitance plates.
3.2.3. Cell effect
Actually, after the calibration mentioned above, what we got is the distance change
of the capacitance plates. This dilatometer is made of silver. If the dilatometer is
a fully self-compensated cell, measurement for a silver sample should give a zero
signal. Then the length change of the capacitance plates during measurement of a
sample can be considered as the sample length change itself.
However, this dilatometer is not a fully compensated one, thus the cell effect must
come into account. The length change of the sample always has to be compared
to the reference-material, in this case, silver. And the silver expansion should be
subtracted from the experimental signal in order to get the effective sample length
change. In fact, the signal we get from the experiment consists of several contribu-
tions:
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Figure 3.10.: Left: the capacitance and the length change data got from the device shown
in Fig. 3.9. The micrometer is rotated stepwise, making the stick go inside
the dilatometer and the distance between the two plates changing (x-axis
- Forced gap), thus the capacitance signal changes (y-axis - Capacity).
Right: The comparison between the calculated gap change and the gap
change recorded by micrometer. The black line shows the ideal case for
d1 = d2.
• real sample length change.
• length change of silver sample (indicated in Fig. 3.6).
• the thickness change of the silver plate housing.
• the compensation effect of the thickness expansion of the silver capacitance
plate, their housing parts and in between, the isolating sapphire washers.
The proper calculation to get the length change of the capacitor has been explained
above, and now it is easy to get the gap change from the capacity signal. But
the change of the length consists of several effects – sample itself, silver sample,
compensation effect between housing , sapphire washers and the plate. So the "Gap"
we get now is only the d which is shown in Fig. 3.6.
In order to get the length change of the sample, all the contributions which have
been listed before should be considered. First, if only the silver sample with the
total length equals the cell length of dcell−length (=4mm) is measured, what we got
is:
26
3.2 The new capacitance dilatometer
∆dcell−effect + ∆dcell−length−silver = ∆dsilver−sample
Next, if a real sample is measured, what we got is:
∆dcell−effect + ∆dsample + ∆dsilver−piece = ∆d
Here, ∆d is the gap change determined from the capacitance change, and dsample+
dsilver−piece = dcell−length. Then If we want to know the length change of the sample,
it will be like:
∆dsample
Lsample
=
1
Lsample
(∆d− ∆dcell−effect − ∆dsilver−piece)
=
1
Lsample
[∆d− (∆dsilver−sample − ∆dcell−length−silver)− ∆dsilver−piece]
=
1
Lsample
[∆d− ∆dsilver−sample + (∆dcell−length−silver − ∆dsilver−piece)]
=
1
Lsample
(∆d− ∆dsilver−sample + ∆dsample−length−silver)
=
∆d− ∆dsilver−sample
Lsample
+
∆dsample−length−silver
Lsample
The last item in this equation means the relative length change of silver, so it also
can be represented using the relative length change of silver from the literature.
Thus the equation can be written like:
∆Lsample
Lsample
(T ,H) =
∆d− ∆dsilver−sample
Lsample
(T ,H) + ∆lAg−Lit
l
(T ) eq. (3.8)
Here, the d is the change of the gap between the capacitor plates which we discussed
already, ∆d = d(T )− d(T0), ∆dsilver−sample is obtained by measuring a maximum
length silver sample without real sample. The cell effect problem can be solved by
using this calculation equation.
Fig. 3.11 shows the results for ∆dsilver−sample which get by measuring a cell-length
silver sample. As can be seen, the value of signal is at the level of 10−4 (first item
of Eq. 3.8). It means in case of ∆dsilver−sample/dsample, the value will much smaller
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Figure 3.11.: Absolute length change of a silver sample, ∆dsilver−sample
than the silver thermal expansion with the ∆d/d ≈ 10−3 (second item of Eq. 3.8).
This two parts together contributes the cell effect.
Eq. 3.8 includes the cell expansion effects during the thermal expansion measure-
ment, and gives out a correct length change of the measured sample. Furthermore,
it is suitable not only for thermal expansion but also for magnetostriction mea-
surements, as the parameter H shows in this equation. For most magnetostriction
measurements the cell effect is small and can be neglected. In this case the mea-
sured change of the plate distance ∆d is directly the change of the sample length.
However, if the sample signal is rather small, the cell effect has to be taken into
account and Eq. 3.8 must be used. The influence of magnetic field more detailedly
below.
3.3. Thermal expansion test measurements
After all the assembling and calibration procedure, now we have a well established
and well calibrated dilatometer. It is necessary to test whether it can work properly,
and reproduce the literature data. For that purpose, the typical reference material,
pure Copper and Aluminum, have been measured and compared to the literature
data.
The first test sample is Copper, sample length = 4.33mm, the thermal expansion
measurement results of it are shown in Fig. 3.12. The left figure shows the dL/L
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Figure 3.12.: Testing thermal expansion measurement of copper compared with litera-
ture for both dL/L and α
calculation result using equation 3.8. The red line represents the reference data from
the literature [33]. As can be seen it tracks a typical thermal expansion curve. At
higher temperature, it increases linearly, telling us the crystal lattice is expanded
with increasing temperature. At low temperature, the dL/L approaches zero and
saturates at this value, means the closeness of atoms is approaching to the limitation.
The black circles show the relative length change of a copper sample measured with
our dilatometer. The data agree well with literature data.
For the thermal expansion coefficient α, the derivative of dL/L with respect to
T is calculated. In whole temperature range, the two curves match to each other.
Only some slight differences are found at the high temperature range (∼ 300 K) and
around the low temperatures range (T < 20 K). The maximum deviation between
our data and the literature is only up to ∆α ∼ 5 × 10−7. This is much smaller
than the signal we want to measure. So for low temperature measurements, the
small difference between the measured and the literature data can be considered as
abroad background.
The same measurement also has been done for another reference sample, Aluminum.
As can be seen in Fig. 3.13, the results are similar to the copper sample. For dL/L
(left), measured data and literature data are quiet corresponding to each other,
while also slight differences are found in α comparison (right). The differences be-
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Figure 3.13.: Testing thermal expansion measurement of aluminum compared with lit-
erature for both dL/L and α
tween measurement and literature are also around high temperature (∼ 300 K) and
low temperature (T < 50 K). This observation tells us that if we take the simi-
lar difference both in copper and aluminum testing, it can be concluded that our
dilatometer has a rather good stability and reproducibility. The deviation at low
temperature can be treated as background and help us to get the real signal. So
high precession thermal expansion measurements from 2 K to 300 K can be done by
using our dilatometer.
3.4. Magnetostriction
In principle, as we described before, and also shown in the calibration equation 3.8,
we assume that the magnetic field will not significantly influence the magnetostric-
tion measurements. However, this assumption is only suited for the measurements
which have large magnetostrictive effects. In fact, the large magnetic field is also
giving some additional effects. And for precise measurements with small signals, the
effect of the magnetic field has to be considered.
Fig. 3.14 shows the magnetostriction of a cell length silver sample at the sweeping
rate 0.5 T/min, as the tested reproducibility at this sweeping rate is good enough.
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Figure 3.14.: Length change of a silver sample influenced by changing the magnetic
field. Right side is the temperature fluctuation during this magnetostiction
measurement.
This signal can be used as a background signal for 5 K measurements when is nec-
essary. As can be seen from the picture, the signal has a smooth slope while the
magnetic field increases, with a noise level of ∼ 2× 10−8. Fig. 3.14 right also shows
the temperature fluctuation while measuring, it has been well controlled within the
∆T ∼ 0.015 K.
3.4.1. Influence on thermometer
Field B-Dependent T Errors ∆T/T (percentage) Ref. [34]
Temperature Magnetic Flux Density B Remarks
2.5 T 8 T 14 T 19 T
2 1.3 3.1 3.9 5 Take value for 14 T,4.2 K,
4.2 0.1 -0.15 -0.85 -0.8 ∆T/T=-0.85%
10 0.04 -0.4 -1.1 -1.5 If T is stabilized at 4.2 K(nominal)
20 0.04 0.02 -0.16 -0.2 this ∆T can not be seen
30 0.01 0.04 0.06 0.11
Before discussing the real measurement, we should know the character of the
thermometer itself. Although the resistance thermometer used in our Lake Shore
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T -controller is well calibrated at zero field, it still has a small magntoresistance,
this can course a temperature error when we apply the magnetic field on it.
Look at the summarizing table of the temperature error in different magnetic
field of the thermometer which is got from Ref. [34]. It describes the temperature
error (percentage) caused at different T and different H. For magnetostriction
measurements around 4 K, and the maximum H at 14 T, we took the value -0.85%
at 4.2 K and 14 T ( most closely to our experiment ), that is:
∆T = −0.85%× 4.2 K = −0.0357 K
That means the real temperature of our sample is 0.0357 K higher than 4.2 K which
is shown. But for our measurement around 5 K, by recording the temperature during
a certain time (see Fig. 3.14), the temperature fluctuation are found to be only
∆T = 0.015 K, which is smaller than 0.035 K. Thus, the temperature error caused
by magnetoresistance of the thermometer is not negligible. For the magnetostriction
measurement below 10 K, it has to be kept in mind, that there is alway a small error.
As it can be found in this table, the error becomes larger in higher magnetic field
and lower temperatures. These errors caused by the field depended resistance of the
thermometer can be corrected by using this table and thermal expansion data.
According to the table, when the temperature is higher than 30 K, even in magnetic
fields up to 14 T, the temperature error is below the level of 10−2 K which can be
ignored. For magnetostriction measurements at the low temperature range, once we
sweep the field, T changes because the controller tries to keep it "constant". So we
have a thermal expansion effect to the magnetostriction measurements.
Now let’s take the silver sample as an example to make a rough estimation of the
error level caused by this temperature drift. From the thermal expansion of silver
at the T 6 30 K, the dL/L = 0 ∼ 3.6 × 10−5. So for ∆T = 1 K, ∆dL/L =
1.2 × 10−6/K. The temperature error range at 4.2 K is ∆T ∼ −0.0357 K, so we
roughly assume that the dl/l change which is caused by the temperature difference:
∆T × ∆dL/L = −0.0357 K× 1.2 ∗ 10−6/K = −4.284 ∗ 10−8
This value is already close to the noise level of the background signal. So in fact,
the influence from this effect is not a big one compared to another aspect which I
will discuss next.
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3.4.2. Eddy currents
The change of magnetic field can cause the eddy current in metallic materials, and
this current can cause additional magnetic fields beside the applied one with an
opposite direction. Fig. 3.15 illustrates how the changing extra magnetic field can
generated the shielding current I in the plates. The induced magnetic field and the
external field give repelling force to each other and compensate each other partially.
There are several effects which could happen:
B
I
I
-
+
-
+
Figure 3.15.: The changing applied magnetic field B generates a current I in the plates.
The generated magnetic field induces a repelling force.
• A temperature instability caused by the thermal effect of the current. By test
measurements, it has been found that the current induced temperature drift
is at the level of 10−2 K, around the noise level of the temperature stability.
• The inhomogeneity of the magnetic field applied on sample.
• Magnetic field will give a force to the electrified conductor. As the tilted upper
plate has a certain angle with respect to the applied field, thus, the force caused
by eddy current for two sides of the plate is not equal. This will give a torque
on the upper plate that may influence the measured capacitance.
• Also as the generated current direction of the two plates is the same, the
induced fields have the same direction. Therefore there should be an attractive
force between the plates. The two plates are attracted to each other and
increase pressure to sample.
All these effects come along with the application of non-static magnetic field, and
give influences to our final results. However, as we tested, the effects are rather
reproducible and change linearly in magnetic field. Thus, we measured the silver
sample at magnetic field, and got the reproducible background signal which con-
tains contributions from these effects, shown in Fig. 3.14. The background at dif-
ferent temperatures can be measured and used to corrected the final results. The
33
3 Experimental methods and techniques
dL/L(H)silver which we measured at 5 K is only at the level of 10−7, which is much
smaller than for most of the samples investigated in this work. So for the sample
which has large magentostriction signal, these effect can be neglected. These effects
should be taken into account only in case the dL/L(H) signals are at the similar
level.
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Part II.
Thermal expansion and
magnetostriction studies on iron
pnictides
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Chapter 4
Background: iron pnictide
superconductors
4.1. High-TC superconductors- From cuprates to iron
pnictides
After the discovery of the high superconducting transition temperature TC∼ 35 K in
La2−xBaxCuO4 (“LBCO”) by Bednorz and Müller [1], the research on high temper-
ature superconducting materials has become a very hot topic for decades. Soon after
that, the transition temperature increased to 90 K by Y1Ba2Cu3O1−δ (“YBCO”)
by Wu’s group [35]. Shortly after this, even higher transition values were found in
“BSCCO” [36] (mixed oxides of bismuth, strontium, calcium and copper) and the
“TBCCO” [37] (mixed oxides of thallium, barium, calcium and copper). Among all
of these systems, the Cu-O-layers are the essential elements, thus they are named
cuprate High-TC Superconductors (HTSC). After more then two decades of intense
experimental and theoretical research, with over 100,000 published papers on the
subject [38], several common properties have been discovered for the cuprate based
HTSC:
• They commonly have a perovskite structure. The structure of copper-oxide
(CuO2) planes are checkerboard lattices with direct interaction only between
the Cu2+ and the O2− ions, but with indirect interaction between Cu2+ ions.
• The undoped parent or mother compounds are Mott insulators with long-
range antiferromagnetic order at low enough temperature.
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• The superconducting properties emerge by introducing electrons or holes into
the weakly coupled copper-oxide layers from the neighboring layers.
The properties which are mentioned can be seen in the common phase diagram
Fig 4.1 for cuprate superconductors, both hole and electron doped. The phase dia-
gram shows the antiferromagnetic (AFM) phase close to the undoped parent com-
pound. Then by increasing the doping level (both for hole and electron doping), the
superconductivity appears and reaches maximum TC around the optimal doping
level. The pseudogap (partial gap, a energy with very few states which is similar
to a gap which has no allowed state [39, 40]) regime is also shown in this diagram.
Some typical compounds are listed here as the example for hole and electron doped
cases. Generally, for all the systems that are mentioned, the copper oxide planes
form a common structural element, which is thought to be the dominating property
of the superconductivity. This main feature has a kind of pendant in the FeAs-layers
of the iron based superconductor which we will discuss later.
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Figure 4.1.: Simplified doping dependent phase diagram of cuprate superconductors for
both electron (n) and hole (p) doping. The phases shown are the antifer-
romagnetic (AFM) phase close to zero doping, the superconducting phase
around optimal doping, and the pseudogap phase. Doping ranges possible
for some common compounds are also shown [41].
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For conventional superconductors, the mechanism can be well explained by BCS [42–
44](named after Bardeen, Cooper, and Schrieffer) and GL [45] theory (named after
Vitaly Lazarevich Ginzburg and Lev Landau). In case of HTSC material, by chang-
ing the doping level, it shows abundant new physical properties such as antiferro-
magnetic behavior, semiconductivity, strong electronic correlation, which are not
easily explained by the conventional metal-model and Fermi liquid concept [46].
A lot of new theory was suggested such as Anderson’s non-Fermi liquid (holon
and spinon) theory [46, 47], Schrieffer’s spin bag mechanism [48], Varma’s marginal
Fermi liquid (MFL) theory [49] and etc. But till now, there is no concept which is
widely accepted. Thus for long time, the scientists are trying hard to find another
high temperature SC material other than the cuprat system, which may give us a
new clue to understand the inner mechanism of superconductivity.
In March in 2008, a paper appeared from the group of Hideo Hosono in Japan
showing the existence of superconductivity in a layered iron arsenide material:
LaFeAsO1−xFx (x= 0.05 - 0.12), with a transition temperature TC up to 26 K [2].
This paper came from the continuous study of LaOFeP which has the TC of 5 K [50].
The undoped crystalline material, known chemically as LaFeAsO, stacks iron and
arsenic layers, where the electrons flow between planes of lanthanum and oxygen.
Partially replacing the oxygen with fluorine yields a superconducting transition tem-
perature up to 26 K. Subsequent research from other groups suggests that replacing
the lanthanum in LaFeAsO with other rare earth elements such as Cerium, Samar-
ium, Neodymium and Praseodymium leads to superconductors with TC up to 52 K.
Naturally, these new iron pnictides have generated enormous interest, both theo-
retical and experimental. Quite many different methods have been used in order
to increase the transition temperature and most importantly, giving more clues for
understanding the physics behind that.
Fig. 4.2 [51] shows a rough overview of recently discovered Fe(Ni)-based supercon-
ductors. Different doping methods and different substitution materials have been
applied in order to give us an overview of this fast growing research branch. Thus,
as can be seen, the new unconventional high TC superconductor class which mostly
consists with iron ions (also a few of them based on nickel ions) has been discovered
and is called “iron pnictides”.
Based on the recent discoveries which are listed in Fig. 4.2, it can be concluded that
several families of iron-based superconductors have emerged:
• ReFe(As,P)(O,F), in which Re refers to different rare-earth elements, obtains
superconductivity by substituting the O2− site by F− or applying pressure. It
is referred to as the class of 1111 type materials. [3, 52]
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Figure 4.2.: Mile-stone papers focused on materials of Fe (Ni)-based superconductors.
The upper and lower halves deal REFe(Ni)PnO and Fe(Ni)-based O-free
materials, respectively. [51].
• (Ba, K, Ca, Cs)Fe2As2 and other related materials with pairs of iron-arsenide
layers, referred to as 122 compounds. [53, 54]
• LiFeAs and NaFeAs with TC up to around 20 K are referred to as 111 com-
pounds. [55–57]
• α-FeSe or FeTe (tellurium) which have the PbO-type structure. [58]
A common feature of most undoped iron-based superconductors is that they show
a tetragonal-orthorhombic structural phase transition followed at lower tempera-
ture by magnetic ordering, similar to the cuprate superconductors. And another
similarity for them is that the superconductivity is attained by providing itinerant
electron or hole carriers to the two-dimensional transport layers containing 3d tran-
sition metal elements. However, one important difference between them is that the
undoped HTSC cuprates are semiconductors, while the undoped FeAs-compounds
are bad metals. And they also differ distinctly from each other in the fact that nine
3d electrons (one hole) are involved in case of Cu2+, which forms ionic bond with
oxygen ions in the cuprate superconductors, whereas six 3d electrons participate in
a complex interplay of Fe-Fe and Fe-As bondings in the Fe pnictides. This may lead
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to large differences in the energy structure around the Fermi level between the two
types of superconductors. In the pnictides, 5 bands have to be taken in to account
in theoretical calculations.
4.2. The 1111 materials
As nearly all of the iron pnictides studies originate from the fluorine doped 1111
system, and most of my work is concentrated in this system, it is necessary to
make a more clear introduction to it. Most fluorine doped RFeAsO1−xFx have the
similar crystal structure, as it has been shown in Fig. 4.3. It only differs in the lattice
constants which originates from the chemical pressure caused by different radii for
different rare earth ions. Thus, the structure of LaFeAsO can be discussed as an
prototype for the 1111 type FeAs superconductors.
ReO layer
FeAs layer
Figure 4.3.: Schematic crystal structure of RFeAsO. [59]
Fig. 4.3 [59] shows the layered crystal structure of this kind of compound with
alternating FeAs and ReO sheets, where the Fe atoms are arranged on a simple
square lattice.
For the parent compound and the so called “low doped” range with the fluorine dop-
ing level lower than x = 0.05 (for La), the commensurate spin-density wave (SDW)
and a orthorhombic distortion have been observed. The structure transition from
tetragonal to orthorhombic can be detected by X-ray diffraction measurements [60].
The SDW transition can be determined using Mössbauer spectroscopy [61]. The
donor electrons can be generated by doping with aliovalent substituting ions in the
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LaO layer, such as F− ions at the O2− sites. The doped electrons transfer to the
FeAs layer, resulting in the enhancement of the charge difference between the lay-
ers. At low doping level, the compound maintains nearly the same properties as the
mother compound, but the magnetic transition temperature (TN) and the struc-
tural transition temperature (TS) decrease a bit by the increasing doping level. By
increasing the doping level further (x > 0.05), the antiferromagnetism is destroyed
by the emergence of superconductivity. Therefore it is speculated that the mag-
netism and superconductivity have a strong relation or competition effect similar
to the cuprates.
Figure 4.4.: Electronic phase diagram of LaFeAsO1−xFx [61].
The electronic phase diagram of LaFeAsO1−xFx for x ranging from 0 to 0.20, is
shown in Fig. 4.4 [61], which was measured by resistivity, XRD and µSR measure-
ments respectively. According to this phase diagram, besides the transition temper-
atures TN, TS, TC we mentioned already, there are still some features which should
be noticed:
• At low doping range, TN, TS decrease systematically with F doping .
• The optimally doped level (with the highest SC transition temperature)is
found to be x = 0.1.
• A first-order-like transition from spin-density wave magnetic order associated
with an orthorhombic distortion towards superconductivity is visible in the
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Figure 4.5.: Phase diagram of fluorine doped CeFeAsO1−xFx [62].
respective transition temperatures TN, TS and TC. This transition occurs for
x between 0.04 and 0.05. (No co-existence of SC/magnetism).
Among these features, some of them are common for all rare-earth element doped
1111 compounds, such as the structure/magnetic transition at low doping range, the
suppression of TN, TS by doping and the emergence of superconductivity. The other
features are unique for LaFeAsO although the structure is similar for all rare-earth
doped 1111 systems.
In fact, the phase diagram changes qualitatively if replacing La by the other
rare-earth elements. As an example, the phase diagram of fluorine doped
CeFeAsO1−xFx as determined by neutron scattering is shown in Fig 4.5. Accord-
ing to this diagram, the common structure/magnetic transitions are rather clear to
be found. Besides that, the appearing of the ordering of Ce3+ magnetic moment
can be found which is different from LaFeAsO1−xFx. Most importantly, the type
of transition from antiferromagnetism (AFM) at low doping to superconductivity
(SC) at high dopings is rather like a second-order one because the decreasing of
TN and TS is rather smooth.
This difference not only appears between CeFeAsO1−xFx and LaFeAsO1−xFx. In
case of other Rare-earth compounds such as SmFeAsO1−xFx, besides the common
1111 features and the appearing of a Sm3+ magnetic ordering, there is a large
cross section between the SC phase and the magnetic ordered phase [63, 64], sug-
gesting the coexistance of superconductiviy and magnetism. For the phase dia-
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gram of PrFeAsO1−xFx [65], this transition is more or less 1st order like, which
is similar to LaFeAsO1−xFx. The reason for such large differences is probably the
SC/magnetic competition is influenced by the disorder which is caused by different
RE-elements [66].
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Thermal expansion study on
LaFeAsO1−xFx
In this chapter, the polycrystalline LaFeAsO1−xFx (x 6 0.1) is investigated by
means of thermal expansion measurements which sensitively probe the volume
changes in the material. Large anomalies of the coefficient of linear thermal ex-
pansion α(T ) are found at the structural and magnetic transitions of the samples
with x 6 0.04. For comparison I also studied superconducting LaFeAsO1−xFx with
x = 0.05 and 0.1, which exhibits neither the structural nor the magnetic phase tran-
sition. Interestingly, strong differences between the α(T ) curves for the magnetic
and the superconducting samples extend to temperatures well above the structural
transition. These findings are analyzed in view of specific heat, X-ray diffraction
(XRD), and resistivity data. The data provide clear evidence for strong fluctuations
in LaFeAsO1−xFx (x 6 0.04) over a large T range above the structural transition
temperature TS. By contrast, no indication of fluctuations is found in the supercon-
ducting samples. And the implications for the phase diagram of LaFeAsO1−xFx are
discussed, particularly at the crossover from a magnetic to a superconducting ground
state.
5.1. Sample preparation and measurement setup
Polycrystalline samples of LaFeAsO1−xFx (0 6 x 6 0.2) were prepared from pure
components using a two-step solid state reaction method, similar to that described
by Zhu et al [67]. In the first step, Fe powder and powdered As lump were milled,
mixed and the pressed into pellets and annealed. In the second step, the FeAs
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pellets were milled and mixed with rare-earth compound which is in powder, and
then pressed into pellets under pressure. Then the samples still have to be heated
and annealed in order to improve the homogeneity [67]. All preparation steps were
carried out under argon atmosphere. For precise determination of the percentage of
different elements, the more detailed information is given in Ref [10].
The crystal structure and the composition were confirmed by powder X-ray diffrac-
tion. The electrical resistivity of the samples was measured using a standard four-
point method by Agnieszka Kondrat [10]. Magnetization measurements have been
performed using a SQUID magnetometer MPMS-XL5 from Quantum Design. Spe-
cific heat measurements in zero magnetic field have been done by means of a re-
laxation technique in a Quantum Design PPMS system. The magnetization and
specific heat measurements are done by Norman Leps [72]. The zero-field muon spin
relaxation µSR measurements also have been taken for this compound by Meater
Hemke [10, 12, 68]. For the thermal expansion measurement, our three-terminal-
capacitance dilatometer described in chapter 3 was utilized, and thermal expansion
measurements with temperature 5 K - 300 K, fluctuation range smaller than 0.01 K
are performed.
5.2. Measurement results
5.2.1. Undoped LaFeAsO - basic properties
Thermal expansion
Fig. 5.1 shows the linear thermal expansion coefficient αL = 1/L · dL/dT of
LaOFeAs between 5 K and 280 K. As can been seen from the graph, the α is posi-
tive in the whole temperature regime. But around 150 K, there are a few anomalies.
We already know that in high temperature, the phonon contribution is the main
contribution for the thermal expansion coefficient. For T < ΘD/10 or ΘD/10 (ΘD
is the Debye temperature) depending on Ref. [69, 70], the phonon contribution is
the function of T 3. For high temperature, the energy of lattice vibration follows the
Boltzmann distribution. By knowing that, the red dashed line is drawn by polyno-
mial fitting for the thermal expansion data above (T∼ 170 K) and below (T∼ 120 K)
the transitions to estimate the phonon contributions [71]. And by subtracting the
thermal expansion with this phonon background, the anomaly in α signal is much
more clear to be seen. As it can be found in graph 5.1, there are two anomalies in α
with different sign, one is positive and the other is negative. By comparing with the
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Figure 5.1.: The linear thermal expansion coefficient αL in the temperature range from
5 K - 300 K. The red dashed line is the estimated phonon background, and
lower curve is the ∆α which was got by substracting the phonon background.
other measurements, transitions of two different type are found around this tem-
perature range: the structure transition and the SDW magnetic transition. In case
of our thermal expansion data, the definition of TS and TN is difficult because the
unusual shape of α makes it hard to define the real position where the transition
happens.
XRD - structure transition
The temperature dependence of the lattice constants for LaFeAsO in all directions
determined from X-ray diffraction is shown in the upper graph in Figure 5.2 [10].
Above the temperature TS, lattice constants for a and b axis are the same, indicat-
ing a tetragonal crystal structure. When temperature is lower than TS, the a and
b axis both strongly change, one expands while the other shrinks. This indicates a
reduction of the system symmetry, changing to orthorhombic. The illustration of
the structure distortion is shown in Fig. 5.3. At the same time, the c axis decreases
continuously. The lower graph shows the linear thermal expansion coefficient α(T )
47
5 Thermal expansion study on LaFeAsO1−xFx
Figure 5.2.: The upper graph shows the X-ray diffraction data from Ref. [10]. The lower
shows the thermal expansion coefficient, and also compares the temperature
dependence of the unit-cell volume, Vuc(T), for x = 0 obtained from XRD
to the one calculated from α using the XRD value at 300 K as initial value.
The orthorhombic unit cell is used in the whole T range.
of LaFeAsO between 5 and 300 K. In the whole investigated temperature range, α is
found to be positive. This is in agreement with XRD data, which revealed a mono-
tonically increasing lattice volume Vuc(T ) upon heating. For our polycrystalline
samples, the volume expansion coefficient αV (T ) is given as αV (T ) = 3αL. Taking
the volume at 300 K as an initial value we calculated the temperature dependence
Vuc(T ) , which agrees with the unit-cell volume determined from XRD data.
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As known from the chapter 2, the structure transition is believed to be a first order
phase transition, thus, thermal expansion coefficient α(T ) as the second derivative
of the Gibbs potential is expected to show a sharp peak at this transition temper-
ature. In contrast, in case of our data shown in Fig 5.1 and Fig 5.2, the positive
anomaly which might originate from the structure transition shows a very broad
peak, extending to temperatures far above TS. That makes it hard to define the
exact transition temperature. Extrinsic effects, in particular, those originating from
grain boundaries, cannot cause this broadening. The grain size of our polycrystalline
material has been determined from electron microscopy to be some tens of microm-
eter [10]. This renders a major contribution from grain boundaries to the thermal
expansion coefficient as observed occasionally in nanocrystalline material [73] un-
likely. Moreover, while the grain size is rather unaffected by F doping, the width
of the anomaly at TS changes systematically upon substitution of O2− by F−, as
shown in next section, which confirms an intrinsic nature of the broadening.
a
a
Tetragonal
a
Orthorhombic
b
Figure 5.3.: The structure distortion of
LaOFeAs from tetragonal to
orthorhombic.
C
Nuclear
cell
Fe
Figure 5.4.: The SDW transition of Fe
ions of which the magnetic
moments are oriented anti-
ferromagnetically.
Muon frequency and Mössbauer spectroscopy
In order to better investigate the properties of the LaFeAsO, temperature depen-
dent µSR frequency and magnetic hyper-fine field BHyf measured by 57Fe Möss-
bauer spectroscopy [61] have been compared to our data which is shown in Fig 5.5.
Above 140 K, the muon spin polarization only has a very small relaxation rate as
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Figure 5.5.: Temperature dependence of the main zero field µSR Frequency, the Möss-
bauer hyperfine field and the thermal expansion coefficient α.
typical for static and randomly oriented magnetic fields. And for Mössbauer spec-
tra, above this temperature, no hyperfine structure is observed, thus it can not
been found in the graph. On the other hand, below that temperature, the signals
are appearing both for Mössbauer and µSR spectroscopy. Below TN, a spontaneous
muon spin precession with a well defined frequency is observed which implies a
well defined magnetic field at the muon site. The Mössbauer data below TN also
has been analyzed and comes with the result that this magnetic hyperfine field at
low temperature has a mean saturation value of BHyf (0) = 4.86(5)T [61] which
is consistent with a commensurate antiferromagnetic order of iron spins. Thus the
commensurate static magnetic ordering of iron moments has been detected, and the
transition temperature TN = 138 K is determined. The illustration for this magnetic
ordering for Fe is shown at Fig. 5.4.
Accordingly, the thermal expansion coefficient α also shows a clear transition at the
same temperature, which is well separated from the structure transition at ∼156 K.
The normal magnetic transitions from paramagnetic to antiferromagnetic order are
believed to be the second order ones. This magnetic transition shown by the thermal
expansion, has found to be a negative anomaly which is not easily associated with
a typical λ shape anomaly for a 2nd order phase transition
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Specific heat
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Figure 5.6.: Temperature dependence of the coefficient of linear thermal expansion,
α(T ), of LaFeAsO in comparison to the specific heat, Cp(T ), of this com-
pound. Two subsequent phase transitions are found in both quantities at
similar temperatures, as indicated by the vertical lines. In addition, the spe-
cific heat contribution arising from the phase transitions, Ctrans, is shown
on a larger y scale
α(T ) of LaOFeAs is shown in comparison to specific heat data Cp(T ) in Fig. 5.6. As
can be seen from this graph, below 120 K and above 200 K (beside the two anomalies
around 150 K), α roughly tracks the temperature dependence as Cp, indicating the
same energy scale that most probably originates from the same phonon contribution.
At the temperature range around 150 K, both α(T ) and Cp(T ) exhibit anomalous
contributions. The thermal expansion coefficient exhibits two huge anomalies with
opposite sign while the specific heat evolves rather smoothly with a small addi-
tional contribution. The anomalies in α(T ) can be attributed to the structural and
SDW transitions which have already been discussed before. Both transitions are also
visible in the specific heat data, which signals anomalous entropy changes in this
temperature regime. By using the same polynomial approximation for the phonon
and electronic contributions in Cp(T ) above and below the transitions as the fitting
for α which is mentioned before [71], the anomalous specific heat Ctrans(T ) can be
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determined by subtracting this background. The result of this subtraction is shown
in Fig. 5.6 on an enhanced scale, where the two anomalies at TN and TS, respectively,
are clearly visible.
The SDW formation at TN = 137 K generates a negative anomaly in the thermal
expansion coefficient. For a second order phase transition, the slope dTN/dp can
be determined from the jump height at TN in the specific heat Cp and the volume
thermal expansion coefficient αV = 3αL using the Ehrenfest relation
∂TN
∂p
= TVmol
∆αV
∆Cp
eq. (5.1)
with the molar volume Vmol. However, for the given compound a determination of
∆Cp(T ) and ∆α is not possible with satisfactory accuracy due to the proximity of
the structural and SDW transitions. Nevertheless, according to Eq. 5.1 the negative
anomaly in α(T ) at TN qualitatively clearly implies a negative hydrostatic pressure
dependence of TN. This finding is in line with resistivity investigations on LaFeAsO
showing a lowering of TN under pressure with an initial slope of dTN/dp|p=0 ≈
−1.5 K/kbar [74].
In principle, the change of the structure at TS should be a 1st order phase transition.
However, specific heat, magnetization, and resistivity data all show a second-order
like behavior at TS. Therefore, one expects a jump rather than a peak in the thermal
expansion coefficient at TS. However, the structural transition seen in our thermal
expansion data is also unlike a typical 2nd order phase transition. Instead, it is
broadened with an enhanced alpha extending far above TS. It has already been
discussed, that this broadening does not come from the grain boundaries. Now we
compare the thermal expansion anomaly at TS to the corresponding anomaly in Cp.
The anomaly in Cp is rather sharp, which excludes also the possibility of a smeared
transition, e.g., due to sample inhomogeneities, as origin of the broadening. This
sharp anomaly is likewise visible in ∂χ(T )/∂T data measured on the same batch [61].
The broadening is seen only in the thermal expansion coefficient.
According to a recent report from A. Jesche et al. [75], a similar effect has been
observed also on a single crystal of CeFeAsO. The corresponding plot taken from
Ref. [75] is presented in Fig. 5.7. The phase transitions at TN and TS as well as the
ordering of the Ce-4f moments at T 4fN are associated with anomalies of the ther-
mal expansion coefficient. The authors define the structural transition temperature
TS=152 K as the maximum in α(T ). Most importantly, a large tail in the thermal
expansion data above TS, more pronounced in αab than in αc, is found. This is very
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Temperature (K)
Figure 5.7.: Linear thermal expansion coefficient for single crystalline CeFeAsO mea-
sured along a non-specified in-plane direction αab. The dotted line, interpo-
lating between the data outside the peak anomaly, indicates the background
expansivity. The inset shows αab for two different initial pressure values on
the dilatometer cell (left scale) and αc (right scale) on an enlarged tem-
perature scale close to the structural and magnetic phase transitions in a
representation αi/T vs. T . The vertical dashed lines indicate the transi-
tion temperatures of the structural transition, T0 = 152 K, and the AFM
ordering of Fe moments, TN = 144 K. [75]
similar to the broadening region observed in our measurements on polycrystals.
Therefore, it confirms the intrinsic nature of the enhanced α(T ) above TS.
If the amplitude of the jump for both α and Cp can be found, it is possible to
determine the pressure dependence dTS/dp according to the Ehrenfest relation.
However, because of the overlapping shape of the two peaks at TN and TS in Cp,
it is hard to quantitatively determine the hight of the anomalies. However, it can
be determined from the sign of α at TN, that the pressure dependence at TN is
negative. In case of TS, the unclear assignment of the structure transition makes it
hard to define even the sign of it. The discussion of the definition is presented in
chapter 6.
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5.2.2. Doped samples LaFeAsO1−xFx
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Figure 5.8.: Coefficient of linear thermal expansion α(T ) vs temperature T , for different
fluorine content of LaFeAsO1−xFx. x = 0, 0.02, 0.04, 0.05 and 0.10
In order to better understand the behavior of α(T ) of LaFeAsO above TS, we also
studied the linear thermal expansion coefficient of LaFeAsO1−xFx with nominal x
= 0.02, 0.04, 0.05, and 0.1. As shown in Fig 5.8, upon fluorine substitution, for
x 6 0.04, the structural and magnetic phase transitions are only weakly affected,
i.e., they are slightly shifted to lower temperatures. At higher F content x > 0.05,
both transitions are completely suppressed and a superconducting ground state is
found [4]. Thus, F doping strongly affects the electronic properties of the series, the
new superconducting state emerges accompanying the disappearing of the structural
and magnetic transitions. However, the properties of the atomic lattice above TS,
such as the phonon spectrum, are expected to be relatively insensitive to the fluorine
content.
So first let us look at the thermal expansion curve of F doping level at x = 0, 0.05,
and 0.1 of LaFeAsO1−xFx. According to the discussion in Ref. [4], for x > 0.05, the
structure and magnetic transitions are totally suppressed by the superconductiv-
ity. And the α of x= 0.05, and 0.1 is pretty much like each other, indicating that
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the doping level no longer influences the lattice properties as much as for the low
doped range. In contrast, at high (T > 210 K) and low (T < 70 K) temperatures, α is
almost independent of doping level. In particular, the superconducting transitions
at TC = 20.6 K (x= 0.05) and TC = 26.8 K (x= 0.1), which are clearly visible in the
resistivity, are visible in α(T ). Instead, in this temperature range, only a broad
plateau can be observed for our thermal expansion α. And for different F content,
this plateau seems more or less similar, indicating a background signal rather than
the SC transition which we expected. Indeed, a similar feature is visible in the test
measurements in Fig. 3.12 and 3.13, which obviously is not completely compensated
by the calibration.
Particularly, for the reason why the SC transition is not obvious in our α, it can
be estimated also using the Ehrenfest relation Eq. 5.1. From our specific heat data,
we can get the anomaly at TS for the 10% doped sample LaFeAsO0.9F0.1 to be ∆Cp
≈ 240 (mJ/mol K). This value was measured on crystals from the same batch.[72].
In addition the pressure dependence for TC can be taken from Ref [59]. By study-
ing the pressure dependent resistivity data that with hydrostatic conditions, it has
been found that dTC/dp ≈ 3 K/GPa. Then if we take these value into account
for the Ehrenfest relation (Eq. 5.1), the approximate value for ∆α could be drawn
to be roughly 3×10−8/K. This value, which is too small to be resolved with our
setup, is in line with the absence of large anomalies in α(T ) at TC. However, it
should be noted that we measure a directional average of the coefficient of lin-
ear thermal expansion on our polycrystalline samples which is associated to the
hydrostatic pressure dependence. An almost complete cancellation of the contribu-
tions for different crystallographic directions was observed on single crystals with
the related ThCr2Si2 structure, namely, Ba(Fe0.88Co0.12)2Si2 [76]. Measurements on
single crystals of LaFeAsO1−xFx are therefore necessary to decide whether the small
magnitude of ∆α is due to a similar effect.
Regarding the T range above the structural transition of LaFeAsO1−xFx, Fig. 5.8
clearly reveals a significantly enhanced α for the magnetic samples (x6 0.04) com-
pared to the superconducting ones (x> 0.05). This difference cannot be explained
by a simple change in the phonon spectrum upon F doping due to the larger atomic
mass of fluorine compared to oxygen since the samples with x= 0.05 and 0.1 ex-
hibit almost identical α(T ) curves. Instead, the enhanced α for x6 0.04 suggests
the presence of strong fluctuations preceding the structural transitions at TS.
The difference between the undoped and optimal doped LaFeAsO1−xFx with x = 0
and x = 0.1 can also be compared by using Grüneisen relation. The effective
Grüneisen ratio is the description of relations between the volumetric thermal ex-
pansion, αV (T ), and the specific heat, Cp(T ). The experimentally derived Grüneisen
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Figure 5.9.: Grüneisen parameter Γeff (T ) for both undoped mother compound
LaFeAsO, and optimal doped sample, x= 0.1.
ratio is called effective Grüneisen parameter, Γeff (T ). The calculation equation of
Γeff (T ) can be written as:
Γeff (T ) =
Vmol
κ
αV (T )
Cp(T )
eq. (5.2)
where κ= -V −1× dV /dp is the isothermal compressibility, and the Vmol is the mo-
lar volume. We take the theoretically calculated compressibility for LaFeAsO of
1.022×10−11/Pa [77]. We assume that the doping will not dramatically change
the compressibility, so this value also can be applied to the 10 % doped sam-
ple. The molar volume Vmol for LaFeAsO can be got from the Ref [78] to
be Vm ≈ 4.295× 10−5 m3/mol per formula unit. Similar Vmol for CeFeAsO =
4.17× 10−5 m3/mol is given in Ref [79]. Fig. 5.9 shows Γeff (T ) for both the un-
doped sample and the optimal doped sample x= 0.1.
As we know from the phase diagram shown in the last chapter, the optimal doped
sample (x= 0.1) has no transitions around 150 K, and for the whole high tempera-
ture range, the main contribution to α and Cp is phononic. This can be seen from
the graph. At high temperature range, the Γeff (T ) curve of x= 0.1 is rather con-
stant and at the range amount to 1 to 2, which is the typical value for mainly
phonon contribution [14] (example: metal). That implies a single energy scale in
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this temperature range and what can be concluded is that mainly phonon degrees
of freedom are relevant. For the curve x= 0, beside the transition range around
150 K, the Γeff (T ) values are quite similar to Γeff (T ) for x= 0.1. Thus it can be
considered the Γeff (T ) for x= 0.1 is the sum of several different contributions, not
only the main phononic background, but also structure distortion and magnetic
contribution should be added.
5.2.3. Fluctuations at low doping x 6 0.04
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Figure 5.10.: (a)Determination of the temperature Tfl below which the thermal expan-
sion data point at the presence of fluctuations. For this purpose, the data
for x= 0.1 have been subtracted and the curves shifted by multiples of
10−6 /K. Arrows with error bars mark Tfl. (b)Temperature dependence
of the resistivity ρ of LaFeAsO1−xFx. The main plot shows the data for
the magnetic samples with x 6 0.04, while the superconducting samples
(x > 0.05) are shown in the inset.
From the discussion in last section, it is clear that for the thermal expansion data for
the SC samples (x = 0.05 and 0.01), the thermal expansion data is mainly showing
the phonon contribution. Thus one can take the signal for the SC sample rather
than the polynomial fitting as the phonon background. Because the signal itself can
include all the other contributions from different aspects (eg: measurement setup)
that exist in all measurements.
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In Fig 5.10 (a), we determine the temperature Tfl below which the thermal expan-
sion data point at the presence of fluctuations. For this purpose, the data for x= 0.1
have been subtracted as the approximate phonon background ∆α=α(x)-α(0.1) vs
T , whereas the curves have been shifted by multiples of 10−6/K. For x 6 0.04,
Tfl is determined as the temperature, below which ∆α exhibits a negative slope.
Extrapolating Tfl(x) and TS(x) linearly to higher x would suggest a vanishing of
the fluctuation regime around x = 0.06. Nevertheless, already for the sample with
x = 0.05 no indication of fluctuations is found in α(T ).
We now discuss the initiate reason for this behavior, the electrical resistivity ρ(T )
for x 6 0.1 taken from Ref. [80] which can reveal the inner electric scattering prop-
erty is compared to the thermal expansion (Fig. 5.10 (b)). At room temperature, all
samples exhibit metal-like resistivity with a positive slope dρ/dT. Upon cooling, the
resistivity of the superconducting samples continues to decrease, except for an up-
turn just above the superconducting transition for x= 0.05, the origin of which is still
not clear. Transitions to a superconducting state are found at TC = 20.6 K (x= 0.05)
and TC = 26.8 K (x= 0.1). By contrast, the resistivities of LaFeAsO1−xFx (x 6 0.04)
increase below approximately 230 K and reach maxima at TS. This negative temper-
ature dependence indicates enhanced scattering of charge carriers from fluctuations
above TS. Consistently, below the transition, ρ(T ) drops as the fluctuations die
away.
5.3. Discussion-Magnetic phase diagram
Now we conclude all the features we have observed in one plot. In Fig 5.11 we plot
the characteristic temperatures obtained from our thermal expansion measurements
in the phase diagram of LaFeAsO1−xFx established from magnetic susceptibility,
µSR, and resistivity experiments [4, 66, 80]. The values for TS and TN taken as the
positions of the extrema in α(T ) fit well into this phase diagram. In addition we
plot the temperature Tfl, below which indications for fluctuations are found in the
thermal expansion coefficient.
The linear thermal expansion coefficient turned out a very sensitive probe for the
phase transitions in LaFeAsO1−xFx (x 6 0.04). Large positive and negative anoma-
lies are found in α(T ) at TS and TN, respectively. By contrast, the small changes
in the unit-cell volume related to TS and TN cannot be resolved directly from XRD
measurements. Nevertheless, the close agreement between the Vuc(T ) curves for
LaFeAsO determined from XRD and α(T ) shown in Fig. 5.2 confirms the reliability
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Figure 5.11.: Phase diagram of LaFeAsO1−xFx showing the change of the characteristic
temperatures with F content x. The onset of superconductivity in the
magnetic susceptibility at TC (Refs. [80] and [66]) and the temperatures of
the orthorhombic distortion, TS, and magnetic ordering, TN, determined
from magnetic susceptibility (Ref. [66]) and µSR data (Ref. [4]) are marked
with open symbols. Closed symbols label the characteristic temperatures
determined from thermal expansion measurements in this work.
of our thermal expansion data. The sizeable jumps in α(T ) at TN reflect the strong
coupling of the magnetic transition to the crystal lattice.
The shape of the anomalies deviates from the one expected for second-order phase
transitions, which is attributed to the closeness of the transitions and a contribu-
tion from fluctuations above TS. So far, the origin of these fluctuations is unknown.
A straightforward interpretation is to attribute them to a competing instability
in vicinity to the actual ground state. One might speculate that this instability is
of magnetic origin as suggested in Ref. [81]. Based on a Hartree-Fock approxima-
tion and a Landau theory, Lorenzana [81] find an orthomagnetic phase competing
to the modulated magnetic stripes which are experimentally observed. In this sce-
nario, long range order of the competing, possibly magnetic phase is hindered by
the orthorhombic distortion, whereas the increase in the corresponding anomalous
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positive contribution to the thermal expansion coefficient is truncated by the struc-
tural transition at TS. Another model that accounts for the anomalous thermal
expansion coefficient above TS comprises ferro-orbital ordering accompanied by a
lattice distortion at TS [82]. In this picture, the enhanced α is suggested to arise from
short-range orbital correlations above TS. Interestingly, the experimentally observed
onset temperature of the short range order strongly depends on the F content. As
visible in Fig. 5.11, the fluctuation regime is much stronger suppressed for larger x
than TN and TS. Further investigations are necessary to determine the exact nature
of the fluctuations above TS.
The superconducting ground state in the x = 0.05 sample is formed at the expense
of an abrupt suppression of the structural and magnetic phase transitions observed
in samples with x 6 0.04. The change from the magnetically ordered to the su-
perconducting ground state upon F doping has been proposed to be abrupt first
order like [4, 80]. Our thermal expansion data clearly support this picture. While
fluctuations give rise to an enhanced thermal expansion coefficient over an extended
T region for the sample with x = 0.04, no indication of fluctuations is found for x
= 0.05. Instead, the thermal expansion coefficient of this sample is almost identical
to the one for x = 0.1, which lies well in the superconducting regime of the phase
diagram. Moreover, the disappearance of the fluctuation regime around x = 0.045
cannot be explained by a smooth convergence of Tfl and TS with increasing F con-
tent, as seen from the phase diagram Fig. 5.11. Therefore, our data corroborate a
first-order like scenario for the transition toward superconductivity upon doping.
5.4. Summary
In this chapter, the linear thermal expansion measurements of LaFeAsO1−xFx with
x 6 0.1 in the temperature range between 5 and 300 K have been discussed. The
structural and SDW transitions of the compounds with low F content x 6 0.04 give
rise to large anomalies in α(T ) , whereas fluctuations are present also well above TS.
By contrast, the superconducting transitions of the samples with x > 0.05 are not
observable. Moreover, no indications for residual fluctuations in the superconducting
samples are found at elevated temperatures, not even at the lowest F content x =
0.05. This finding can be taken as evidence for the idea of an abrupt first-order-type
transition between the magnetic and superconducting ground states upon fluorine
doping.
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Chapter 6
Undoped parent compounds
RFeAsO ( R = La, Ce, Pr, Sm, Gd)
In all the undoped mother compounds RFeAsO, both structural distortion from
tetragonal to orthorhombic and magnetic ordering are observed at intermediate
temperatures around ∼ 150 K. The spin density wave (SDW)-type of antiferromag-
netic order evolves slightly below the temperature TS of orthorhombic distortion of
the tetragonal high temperature phase [60, 61, 64]. So in this chapter, I will present
and discuss the thermal expansion data of some polycrystalline RFeAsO, with R
= La, Ce, Pr, Sm, Gd. The thermal expansion measurements yield a very sensitive
measure of the volume changes of the materials. Clear anomalies of the coefficient
of linear thermal expansion α have been found at the structural and magnetic tran-
sitions, i.e., at TS and TN, respectively. As an example, LaFeAsO, which has been
shown in last section, has anomalous contributions to α which is visible far above
TS. Similar effects are found in RFeAsO with R = Ce, Pr, Sm, Gd. In addition, mag-
netic ordering of the rare earth moments is associated to low temperature anomalies
of the thermal expansion coefficient.
6.1. Results and discussion
6.1.1. High temperature range - two obvious transitions
Figure 6.1 shows the linear thermal expansion coefficient α of RFeAsO with R = La,
Ce, Pr, Sm, Gd, between 5 K and 250 K. For all R (except Pr), the thermal expansion
coefficient exhibits two huge anomalies with opposite sign. The anomalies in α(T )
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Figure 6.1.: Temperature dependence of the coefficient of linear thermal expansion,
α(T ), of RFeAsO (R = La, Ce, Pr, Sm, Gd). Two anomalies indicated by
the dashed lines are associated to a structural distortion at TS and SDW-
formation at TN. For PrFeAsO, no clear anomaly can be attributed to TN.
The arrow indicates TPr,µN taken from µSR data [12].
can be attributed to the structural and SDW transitions of the compound. The
transition temperatures determined from the positions of the extrema are marked
by the dashed lines and are listed in Table 6.1 together with the results from Ref. [10,
12].
The SDW formation at TN generates a negative anomaly in the thermal expansion
coefficients. Note, that for PrFeAsO the SDW-anomaly is not visible although the
onset of magnetic order at TµN = 123 K has been demonstrated in µSR studies [12].
According to the Ehrenfest relation (Equation 2.16, 5.1), the negative anomalies
62
6.1 Results and discussion
in α(T ) at TN qualitatively imply a negative hydrostatic pressure dependence of
TN. This finding is in agreement with resistivity studies on LaFeAsO [10]. The
anomalies in α at TN indicate a strong coupling of the magnetic transition to the
crystal lattice. However, the shape of the anomalies deviates from what is expected
for second-order phase transitions, probably due to the closeness to TS.
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Figure 6.2.: The normalized thermal expansion coefficient α(T ), of RFeAsO (R = La,
Ce, Pr, Sm, Gd) is shown in a reduced temperature T/TN . The dashed line
and TS, T ∗S are just to illustrated the maximum and the shoulder of the
peak. TS is the determination we actually use in this work.
The structural transition at TS is associated to a positive anomaly in α. Remarkably,
this anomaly is very broad, extending to temperatures far above TS. In particular,
it has been shown in the previous chapter for LaFeAsO that the anomalous contri-
butions to α strongly extends the corresponding anomalies found in resistivity. The
enhanced α suggests the presence of strong fluctuations preceding the structural
transitions at TS. This fluctuation range can be strongly influenced by the doping
level and quiet closely related with the electronic transport property. This behavior
has been found for all RFeAsO.
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Fig. 6.2 shows the normalized ∆α(T ) in a reduced temperature T/TS. The normal-
ized ∆α(T ) shown here is got by subtracting the same phonon estimation which used
for LaFeAsO in last chapter. As we know, the phonon contribution in thermal expan-
sion is mainly determined from its frequency. And the relation is ω ∝ 1/
√
m, thus we
just consider the mass difference caused by rare-earth element and make a rough es-
timation. The La mass is 139 and Pr is 141, then frequency caused by mass difference
should be ∆ω/ω = (ωPr − ωLa)/ωLa ∝ (1/
√
mPr − 1/
√
mLa)/1/
√
mLa ≈ 0.7%.
This value is at level of the measurement error. This means a very small influ-
ence from the mass difference for the phonon background is expected. So the same
phonon background can be used for calculation. In Fig. 6.2, the dashed lines are
just to illustrated the maximum and the shoulder of the peak. Defining the max-
imum position to be the transition TS, data for all the compounds are shown in
the reduced temperature T/TS scale. It can be seen that the undoped compounds
behave rather similar. By this comparison (last graph in Fig. 6.2), it is clear that
different rare-earth ions (R = La, Ce, Pr, Sm, Gd) do not influence the fluctuation
regime too much as the tendency for all the curves shown here is similar.
So far, the origin of these fluctuations is unknown. By the discussion of
LaFeAsO1−xFx, two different possibilities also have been suggested:
• A possible scenario is a competing orthomagnetic phase which was suggested
in Ref. [81].
In this scenario, a new magnetic phase, the magnetic moments of which acquire an
unusual orthogonal configuration, has been predicted. The fluctuation is originat-
ing from the competition of this orthomagnetic phase and the modulated magnetic
stripes [81]. The competition is of long range order, and a possibly magnetic phase
is hindered by the orthorhombic distortion. That means, the increase of the cor-
responding anomalous positive contribution to the thermal expansion coefficient is
truncated by the structural transition. That suggest for our α(T ), the region of
steepest slope should be defined as the structural transition point instead of the
maxima of the peak. And that also means, in this speculation, the structure tran-
sition may also have a negative sign of ∆α. In Fig. 6.2, for La, Ce, Pr, a small
slope change indicated by T ∗S can been found which may support this explanation.
By contrast, for Sm and Gd, only one sharp transition and no other signal can be
found, which might be because of the closeness of the TN and TS.
For this speculation, one big disadvantage is that it can not explain the strong
influence caused by F doping, which makes it not perfect one.
• Another possibility is that the fluctuation comprises ferro-orbital ordering
accompanied by a lattice distortion at TS which is suggested by Ref [82].
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Table 6.1.: Magnetic and structural transition temperatures of RFeAsO with R = La, Ce,
Pr, Sm, Gd as deduced from FiguresFor comparison, transition temperatures
from µSR (Ref. [12]) and resistivity studies (Ref. [10]) are listed, too.
R TN TS TRN T
µ
N T
ρ
S T
R,µ
N
La (137 ± 1) K (157 ± 1) K - 139 K 156 K -
Ce (134 ± 2) K (148 ± 2) K . 5 K 137 K 151 K 4.4 K
Pr - (147 ± 5) K (11.3 ± 0.3) K 123 K 136 K 11 K
Sm (136 ± 2) K (148 ± 5) K . 5 K 138 K 160 K 4.7 K
Gd (128 ± 2) K (136 ± 5) K (3.8 ± 0.2) K - - -
According to this explanation, the ferro-orbital phase is directly responsible for the
tetragonal-to-orthorhombic lattice distortion. As the long-range ferro-orbital order
takes place, the orbital along a certain direction becomes more occupied, resulting
in a longer bond length in this direction. In this scenario, the fluctuations above
TS and the ordering at TS have the same origin. Therefore, they should have the
same pressure dependence and, consequently, the same sign of ∆α. Thus, TS should
be defined as the maximum of the anomaly. This model also predicts, that the
magnetic transition at TN is a consequence of the structural transition at TS. It
has been discussed in Chapter 5 that the magnetic ordering of the iron can be
suppressed by increasing the F content. At the same time the fluctuation regime
and the structural transition at TS are suppressed, which is in agreement with a
connection of all three effects.
By comparing the TS determined from α by the two different methods - steepest
slope or maximum of the anomaly - to the corresponding anomalies found in specific
heat, magnetization, and resistivity (table. 6.1), the second scenario of ferro-orbital
ordering accompanying the lattice distortion seems more reliable.
6.1.2. Low temperature range - rare earth contribution
In the materials with magnetic R-sites, magnetic ordering of the rare earths mo-
ments is found (see, e.g., [12, 62, 83]). The evolution of rare earth magnetic order is
accompanied by strong volume changes. Coupling of magnetic and lattice degrees
of freedom is clearly visible in Fig 6.3. For PrFeAsO, there is a pronounced peak of
the thermal expansion coefficient at TPrN = (11.3 ± 0.3) K. The observed ordering
temperature agrees to previous neutron and µSR data [83]. Qualitatively, the strong
positive anomaly implies a positive hydrostatic pressure dependence of TPrN . About
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Figure 6.3.: Temperature dependence of the coefficient of linear thermal expansion,
α(T ), of RFeAsO (R = Ce, Pr, Sm, Gd) at temperatures below T = 20 K
where magnetic ordering of the rare earth moments is expected. Note, that
the experimental setup provides data for T > 5 K, so the TGdN has been
obtained in WZI, Faculty of Science, University of Amsterdam. i.e. the
complete anomaly is only visible for PrFeAsO which exhibits TPrN = 11.3 K.
this signal for Pr3+, a more detailed discussion will be stated in chapter 7. And for
CeFeAsO and SmFeAsO, the data in fig 6.3 indicate a strong positive anomaly in
α slightly below 5 K which is the lower temperature limit of our device. Note, that
magnetic R-site ordering occurs in our samples at TCe,µN = 4.4 K, T
Sm,µ
N = 4.7 K,
and TGdN = 3.5 K. [12]
In order to get more information about the low temperature magnetic ordering of the
rare-earth element, GdOFeAs, has been measured in WZI (Van der Waals-Zeeman
Institute for Experimental Physics) Faculty of Science, University of Amsterdam
at the temperature range 2 to 5 K. From this α signal, a negative anomaly around
3.8 K has been found and attributed to Gd3+ ordering which is shown in Fig 6.3.
As can be noticed, the α of Gd ordering shows a negative anomaly (the signal
itself is positive), which differs from the other rare-earth ions. First we consider the
electronic configuration of these rare-earth ions, which can be found in table 6.2.
The Gd3+ ion has no orbital momentum, unlike the Pr3+, Ce3+, Sm3+ ions, which
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Table 6.2.: The electronic configuration, orbital moment L, spin moment S and J of dif-
ferent rare-earth ion (La3+, Ce3+, Pr3+, Sm3+, Gd3+) has been summarized
in this table.
R-ion Ele. configure L = Σmz S = Σsz J = |L+ S| Ground state
La3+ [Xe] 0 0 0 1S0
Ce3+ [Xe]4f1 3 1/2 5/2 2F5/2
Pr3+ [Xe]4f2 5 1 |L− S| = 4 3H4
Sm3+ [Xe]4f5 5 5/2 |L− S| = 5/2 6H5/2
Gd3+ [Xe]4f7 0 7/2 7/2 8H7/2
have an orbital momentum of 5, 3, 5, respectively. This means, that the magnetic
4f shell of the Gd3+ is spherical and reorientation during magnetic ordering is
expected to have no influence on the lattice. However, several effects may lead to
the observed small anomaly:
• The admixture of higher multiplet states may lead to deviations of the 4f
orbital from a sphere.
• A change in the band structure at TGdN : The Gd magnetic ordering is most
probably mediated by the conduction electrons (RKKY interaction). At
TGdN the hybridization between the 4f and conduction electrons may change.
• The Gd ordering is expected to influence the Fe SDW, which may give rise
to the observed anomaly. In fact, it has been shown for PrFeAsO (Ref. [12]),
that the Pr order gives rise to a reorientation of the Fe moments. A similar
effect may take place in GdFeAsO.
From our experiments it cannot be decided, which of these effects is most relevant.
Now we compare the thermal expansion α(T ) with the specific heat Cp(T ) together
in Fig. 6.4. In the high temperature range, α(T ) and Cp(T ) also have a similar
T -dependence, indicating the same single energy scale. Also taking the La case
(chapter 5) and the Pr case (chapter 7) into account, this conclusion can be applied
for all RFeAsO. Then we take a close look on the Gd3+ ordering on the insert
graph. The amplitude of Cp(T ) anomaly at TGdN is larger then that of the structural
transition, while for α(T ) is much smaller. According to the Ehrenfest relation shown
by Equation 5.1, a negative pressure dependence can be found for TGdN , but due to
the amplitude difference, this effect is much smaller than that at the SDW transition
point.
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Figure 6.4.: Temperature dependence of the coefficient of linear thermal expansion,
α(T ), of GdFeAsO in comparison to the specific heat, Cp(T ). Insert graph:
enlarged Gd3+ ordering signal at low temperature.
6.2. Summary
In conclusion, thermal expansion studies have been shown being a sensitive probe
for structural changes as well as Fe and rare earth magnetic ordering in RFeAsO
(R = La, Ce, Pr, Sm, Gd). The magnetic and structural ordering phenomena are
associated to large anomalies in α, which may originate from the correlation between
the ferro-orbital ordering and lattice distortion. Our data imply a negative pressure
dependence of the Fe-ordering transition. For the rare-earth ion, magnetic ordering
with positive pressure dependence effect has been found for Pr, Ce, Sm, and a
negative one for Gd ordering. Strong fluctuations at T  TS indicate a competing,
possibly magnetic instability to the ground state.
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Chapter 7
Thermal expansion and
magnetostriction of PrFeAsO
This chapter will concentrate on the PrFeAsO in order to fully describe the proper-
ties of it. Pr3+ has a large orbital and spin momentum in contrast to La3+, which is
non-magnetic. Therefore, magnetic ordering of the Pr3+ ions is observed. In addi-
tion, a large magnetostriction effect is found which will be discussed in this chapter.
Like all parent phases of the RFeAsO family,PrFeAsO also undergoes two subse-
quent phase transitions upon cooling around 150 K. A structural distortion from
tetrahedral to orthorhombic symmetry takes place at TS = 136 K [83]. At a slightly
lower temperature TFeN ≈ 125 K, a commensurate spin-density wave (SDW) of the Fe
spins develops. In addition, at TPrN = 11 K magnetic ordering of the Pr3+ moments
is observed [83–85].
A strong field dependence of the thermal expansion coefficient has been found in
our data, which seems originating from the reorientation of the Pr3+ moments in
field. In order to investigate this phenomenon from the transport and magnetic
aspect, the resistivity and magnetization have been measured at low temperatures.
It seems that the transport and magnetic properties are affected strongly by the
magnetic transition of the Pr3+ moments, suggesting significant changes of the
carrier mobility. A comparison of the magnetization with our magnetostriction data
suggests a strong magnetic coupling in PrFeAsO, which will be discussed in this
chapter.
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7.1. Thermal expansion of PrFeAsO
7.1.1. Structural and magnetic phase transition
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Figure 7.1.: (Left)Temperature dependence of the a and b axes (top), and c axis (bot-
tom) determined from Rietveld analysis of the neutron powder diffraction
data. Fig from Ref. [83]. (Right)Thermal expansion data of PrFeAsO. The
dash line represents the structural transition indicated by X-ray data.
First, let’s review the thermal expansion data of PrFeAsO in Fig. 7.1(Right) which
have been also shown in the last chapter. For comparison, the neutron diffraction
data of PrFeAsO [83] are also shown in Fig. 7.1(Left). It has been shown in the
neutron data that on cooling, a structural phase transition from P4/nmm to Cmma
occurs at TS = 136 K, this transition is similar to the other REFeAsO materials that
have been reported [60, 62, 86].
In Fig. 7.1(Left), the a axis is clearly compressed and the b axis expands at TS,
leading to inequivalent J[100] and J[010] interactions in the Fe-As planes as the Fe-
Fe distances and Fe-As-Fe bond angles change. These structural changes lift the
magnetic frustration, allowing the development of Fe-spin order at lower temper-
ature. The c axis which is decreasing continuously with decreasing T in the high
temperature range plays a dominant role for the volume cell effect, leading to a
decreasing unit cell volume, which can been seen in our volume thermal expansion
data, as shown in Fig. 7.1(Right). The overall shape of α(T ) of PrFeAsO is rather
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similar to that of LaFeAsO. It is dominated by the phonon contribution, as dis-
cussed for LaFeAsO in chapter 5. A positive anomaly is seen around 150 K due to
the structural transition. The thermal expansion coefficient is enhanced up to the
temperature well above TS, for which it can be attributed to strong fluctuations
preceding the structural transition similar to LaFeAsO [87]. However no clear sig-
nature is seen at TFeN from Fig. 7.1. Instead the Pr ordering at 11 K give rise to an
additional positive anomaly at low T .
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Figure 7.2.: The comparison of main µSR frequency with thermal expansion coefficient
at the same temperature scale. Also the α anomaly at high temperature is
shown in an enlarged scale for better comparing.
The comparison of the main µSR frequency with linear thermal expansion coeffi-
cient α of PrFeAsO is shown in Fig. 7.2 from 5 K to 260 K. The red dashed line
is illustrating the estimated phonon back ground for all RFeAsO which discussed
in the last chapter. The enlarged ∆α anomaly signal is obtained by subtracting the
phonon background estimated for LaFeAsO as explained in chapter 5 from the mea-
sured α signal (see also in chapter 6.1.1). At high temperatures, only the structural
transition is observable in the raw data α around 147 K. But after subtracting the
phonon background, a second, negative anomaly can be seen in ∆α around 125 K
indicating the SDW transition. One may speculated that the negative anomaly is
not a real feature as it is not clearly seen in the initial α data. However, both the
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silver background signal from the cell and the estimated phonon contribution vary
smoothly in this temperature range indicating that the negative anomaly is intrin-
sic. The position of the anomaly corresponds to the onset temperature of the µSR
data that is shown in the graph. The value TN = 125(2) K defined by ∆α is also
comparable to that defined by resistivity data of 127 K (Ref. [83]). The sharp peak
at low temperatures (∼ 11 K) is due to magnetic ordering of the Pr3+ ions observed
also in the µSR data [83].
From the magnetic aspect, the ground state 3H4 multiplet (J = 4) of the ion Pr3+
in the low symmetric crystal field splits into 9 singlets. It has been suspected that
the different ionic radii of the rare earth element change the Fe-As-Fe bond angles in
the Fe-As plane and the FeAs-FeAs interplane distance [78, 88]. It has been proved
by Mössbauer spectroscopy that the ordered Fe magnetic moment is approximately
0.4µB and does not vary much within the series RFeAsO with R = La, Ce, Pr and
Sm [12]. So, although PrFeAsO has an additional magnetic contribution at the low
temperature regime (a reduction at 11 K), which is different from the LaFeAsO,
the temperature dependence of µSR frequency is similar to the one observed in
LaFeAsO. According to the investigation in Ref. [12], in PrFeAsO, the Pr moment
which is induced by the ordered Fe subsystem is present in the Fe AFM phase. The
sizable magnetic moment of Pr subsystem is detectable far above TPrN . In our field
dependent thermal expansion α which we will discuss later, the influence of the Pr
moment to the lattice change is seen also far above the ordering temperature.
7.1.2. Large field dependence of α(T )
The linear thermal expansion coefficient α of PrFeAsO for different magnetic fields
(0 T and 9 T) is shown in Fig. 7.3(a). The large difference between these two curves
is observed. As we discussed before, the zero field α(T ) of PrFeAsO is similar
to LaFeAsO. If we look at the thermal expansion coefficient between 100 K and
260 K, in a large magnetic field of 9 T, the α behaves rather similar to the zero-field
curve, indicating that the magnetic field does not influence the properties at high
temperatures significantly. In particular, the anomaly around 147 K and the large
fluctuation region above TS are observed for both curves. Upon cooling below 100 K
the 9 T data deviate from the 0 T curve. Initial, by the thermal expansion coefficient
is reduced by the magnetic field and becomes negative below 35 K. It reaches a
minimum around 19 K. Below 10 K, it is again positive, and the enhancement of α
in field is observed.
Application of a magnetic field also influences the transport properties of
PrFeAsO below 100 K significantly. In Fig. 7.3b we show resistivity data of
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Figure 7.3.: Temperature dependence of the linear thermal expansion coefficient α(T )
of PrFeAsO in magnetic fields of 0 T and 9 T (a) compared to the resistivity
ρ(T ) in 0 T and 10 T (b). At high temperatures, both quantities are almost
field-independent, while a significant field effect is observed below roughly
100 K.
PrFeAsO in zero field and in 10 T in the same temperature range as thermal expan-
sion. Above 150 K, the B = 0 T resistivity ρ(T ) increases with decreasing tempera-
ture, which corresponds to semiconductor-like behavior. Below 147 K the resistivity
strongly decreases reaching a minimum around 75 K. Another sudden drop in ρ(T )
is observed at 11 K due to reduced scattering below the magnetic ordering temper-
ature of the Pr3+ ions. Application of a magnetic field of 10 T does not affect the
resistivity above the structural transition, similar to the thermal expansion coeffi-
cient. However, below 120 K the resistivity is significantly enhanced by the magnetic
field. Moreover, no clear drop that might indicate ordering of the Pr3+ ions is ob-
served at low temperatures.
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7.1.3. Magnetic ordering of Pr3+ moments
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Figure 7.4.: Comparison of specific heat Cp (a) and thermal expansion coefficient α(T )
(b) in 0 T and 9 T focusing on the low temperature range. In zero field the
magnetic transition due to ordering of the Pr3+ ions is observed in both
quantities around 11K. For a field of 9 T the transition is suppressed as
seen clearly from the specific data [72].
In order to understand the strong influence of magnetic fields on the low-T thermal
expansion of PrFeAsO, we investigated the specific heat Cp of the material which is
sensitive to entropy changes. Fig. 7.4 compares the low-temperature behavior of the
specific heat (a) and the thermal expansion coefficient (b) for magnetic fields of 0 T
and 9 T. In zero field, the Pr ordering at TPrN = 11 K gives rise to positive anomalies
in both quantities. For a second order phase transition, the pressure dependence
∂TPrN /∂p can be determined from the jump heights in Cp and the volume thermal
expansion coefficient αV at TPrN according to the Ehrenfest equation 5.1. Although
it is difficult to determine the exact values of ∆CP and ∆α at the transition, the
positive anomalies imply a positive pressure dependence ∂TPrN /∂p.
Application of a magnetic field of 9 T strongly affects the thermal expansion of
PrFeAsO. A large maximum is observed around 8 K, which might indicate, that the
Pr ordering is shifted by the field to lower T (cf. Fig. 7.4). However, no corresponding
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feature is found in the specific heat data. Instead, a broad hump extending to at
least 20 K is seen. It can be attributed to a Schottky-like contribution from the
Pr3+ multiplet, which is split by the magnetic field and the crystal electric field.
The large positive anomaly in α(T ) is, therefore, not related to a phase transition,
but rather to thermal population of higher Pr3+ levels.
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Figure 7.5.: Grüneisen parameter Γeff (T ) for both 0 T and 9 T. The insert shows the
difference between these two curves, indicating the main difference is found
in the low temperature range.
The relation between the volumetric thermal expansion, αV (T ), and the specific
heat, Cp(T ) can be given using the effective Grüneisen parameter, Γeff (T ), given by
Eq. 2.17,5.2. When αV (T ) and Cp(T ) have the same temperature dependence, the
effective Grüneisen parameter, Γeff (T ), is quasi-constant. We use the pressure de-
pendent lattice constance value from Ref. [89] to calculated the κ ≈ 9.3× 10−9 Pa−1,
the molar volume Vmol can be get from the Ref. [78] to be Vm ≈ 8.21× 10−5 m3/mol.
The results for Γeff (T ) in 0 T and 9 T are shown in Fig. 7.5.
As we can see, at high temperature, the Grüneisen parameters Γeff (T ) for both
0 T and 9 T are almost temperature independent. This weak T -dependence indicates
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that mainly phonic degrees of freedom are present. This conclusion is similar to the
LaOFeAs we discussed in chapter 5. The absolute value of Γeff (T ) is 1 ∼ 2 for
normal pure solid material. The small anomaly around 150 K can be attributed to
the structural distortion. By contrast, at low temperatures, the behavior for Γeff (T )
is rather complicated, but it still can be seen that the application of a magnetic field
has a dramatic influence. The insert graph shows the difference between the 9 T and
0 T Grüneisen parameter. As can be seen, above a temperature of 50 K, the difference
between the curves is almost 0. Only at low temperature, the difference becomes
large. It may suggest that although the ordered magnetic moment of Pr only can be
detected below the ordering temperature TPrN (Ref. [85]), the interactions between
the Pr moments and the iron moments start far above it.
A similar conclusion can be drawn from the large magetosresistance observed below
100 K in 9 T as seen in Fig. 7.3. It indicates, that the electronic transport properties
are also influenced by external magnetic field far above the Néel temperature of Pr.
The similar finding both in thermal expansion and resistivity data indicate a strong
link between electronic and structural degrees of freedom. The magnetoresistance
effect of LaFeAsO is rather comparable to that of PrFeAsO according to Ref. [90].
Similarly, the resistively of LaFeAsO is strongly enhanced by the magnetic field
below 120 K. This might suggest that the magnetoresistance effect is associated
with the iron moment only.
7.2. Magnetostriction measurements
The change of the thermal expansion coefficient of PrFeAsO induced by applica-
tion of a magnetic field corresponds to a magnetostriction of the material. Thus
we studied the magnetostriction on PrFeAsO. As introduced already in chapter 2,
the magnetostriction coefficient is defined as the magnetic field dependent length
change:
β(H) =
1
L
dL(H)
dH
eq. (7.1)
Fig. 7.6 shows the magnetostriction of PrFeAsO at 5 K compared to the one observed
for other RFeAsO (Re = La, Gd, Ce) at magnetic fields up to 8 T. From this graph it
is clearly seen, that PrFeAsO exhibits the largest magnetostriction among all these
compounds. An important difference between PrFeAsO and the other RFeAsO ma-
terial is , that the Pr moments are already ordered at 5 K. However, as will be shown
below, a large magnetostriction is also observed above TPrN .
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Figure 7.6.: Magnetostriction coefficient β of the undoped compounds RFeAsO (R =
La, Pr, Ce, Gd) at 5 K
By contrast, for the Gd and Ce ions, the ordering temperatures are lower than
5 K, so the magnetostriction is measured in the paramagnetic state, thus results
in a small magentostriction signal. I should mention here that for Gd and Ce, the
thermal expansion α in 9 T is quit similar to the 0 T curve above 5 K, quite different
from PrFeAsO for which the α(T ) of 9 T and 0 T differs dramatically even above
the transition temperature TPrN . This unusual large magneto-elastic behavior is only
observed in PrFeAsO which makes it different from the other rare-earth systems.
Now we take a close look at the magnetostriction β of PrFeAsO at different tem-
peratures up to 100 K and in magnetic fields up to 16 T. The results are shown in
Fig. 7.7. At high temperatures, an almost linear dependence β(B) is found. With
decreasing T , the magnetostriction coefficient increases, and a maximum in β(B)
develops at higher fields. For T 6 10 K, the behavior of β(B) changes qualitatively.
In low fields, β(B) increases linearly below ∼ 6 T with a temperature-independent
slope as indicated by the dotted line in Fig. 7.7. Interestingly, this slope is smaller,
than the one observed in 15 K. At higher magnetic fields, kinks are observed in β(B)
77
7 Thermal expansion and magnetostriction of PrFeAsO
0 2 4 6 8 10 12 14 16
0.0
0.5
1.0
1.5
2.0
100K
50K
20K
15K
10K  
 
m
ag
ne
to
st
ric
tio
n 
 (1
0-
5 /T
)
B(T)
5K
7.5K
Figure 7.7.: Magnetostriction coefficient β vs. magnetic field B of PrFeAsO at different
temperatures up to 100 K. For T = 5 K, 7.5 K, and 10 K kinks are observed
at 5.8 T, 5.4 T, and 3.7 T, respectively. At higher temperatures the transition
disappears.
at 5.8 T, 5.4 T, and 3.7 T for 5 K, 7.5 K and 10 K, respectively. Since this transition
is not observed above 11 K, it is most probably related to a reorientation of the Pr3+
spins by the magnetic field. For fields larger than approximately 10 T, the low-T
magnetostriction resumes the field dependence observed above 15 K.
Fig. 7.7 demonstrates that large β signal are observed also above TPrN , eg, for the
15 K curve, indicating that the large β signal is not only because of the ordered
Pr3+ moments, but that the magnetic order of Fe and the induced Pr moment
below TPrN might also play a role.
7.3. Discussion
7.3.1. Magnetic phase diagram
The transition observed in the magnetostriction coefficient of PrFeAsO is expected
to give rise to an anomaly in the magnetizationM(B) of the material. We performed
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Figure 7.8.: Left: Field dependence of the magnetization M (B) of PrFeAsO at 10 K
together with the derivative dM/dB. M(B) exhibits an almost linear be-
havior with small deviations above approximately 4 T, as illustrated by the
dashed line. They are better seen as a step in dM/dB. The solid line is a
fit with an empiric formula as explained in the text. Right: Derivative of
the magnetization at different temperatures. The solid lines represent fits
to the data. For clarity, not all investigated temperatures are shown.
measurements of M(B) in fields up to 7 T and for temperatures between 1.8 K and
50 K. The magnetization is found to increase almost linearly with field. A small
change in slope is found for T < 11 K, that is more obvious from the derivative
dM/dB. As an example, Fig. 7.8(a) shows the results obtained in 10 K. ForM(B),
deviations from a linear behavior are observed above 4 T as indicated by the dashed
line. A step is found at this field in the derivative dM/dB. In order to determine
the position of the transition we fitted dM/dB with an empiric formula:
dM/dB = A0 + A1B − h
1
1 + (B/B0)z
eq. (7.2)
For z ≥ 2 this equation describes a broadened step-like function with step hight h.
The broadening is determined by the parameter z. At B0 half of the step height is
reached. The position of the largest slope approaches B0 for z →∞. At finite z the
offset is less then 7 % for z ≥ 5.4, which holds for our data. The parameters A0 and
A1 account for a linear background. As a measure for the uncertainty in B0 we take
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the full width at half maximum (FWHM) of the derivative of the fit. Fig. 7.8(b)
shows the derivative dM/dB for different temperatures together with fits to the
data. With increasing temperature, the transition field B0 shifts to lower B. Above
11 K the transition disappears.
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Figure 7.9.: The magnetic phase diagram of PrFeAsO which was obtained from the
magnetostriction (green triangle), magnetization (black square), thermal
expansion (blue triangle), and specific heat data (red circle). The error bars
for the magnetization results have been determined from the width of the
transition in dM/dB as explained in the text. The dashed line is a guide
to the eye.
So now, we can take the transition fields determined from our measurements, and
draw a magnetic phase diagram for PrFeAsO which is shown in Fig. 7.9. In addition
to the kinks observed in the magnetostriction coefficient (green triangle) and the
Bkink values determined from the magnetization curves (black square) we also plot
the ordering temperature of the Pr3+ obtained from thermal expansion (blue trian-
gle) and specific heat data (red circle). The error bars given for Bkink-magnetization
are determined from the FWHM in the derivatives of the fits as explained above.
PrFeAsO contains two types of magnetic moments from the Fe and the Pr. The
magnetic structure is determined by the ordering of both subsystems and their in-
teractions. In addition, the crystal electric field splitting of the free-ion ground-state
80
7.3 Discussion
multiplet of the Pr3+ into nine singlets leads to a temperature dependent occupation
probability of levels. Below 127 K, the Fe moments order in an antiferromagnetic
stripe structure with an ordered moment of approximately 0.5µB [83, 85]. The re-
sulting internal field induces a magnetic moment on the Pr3+ site [12]. Below 11 K
the Pr3+ ions order antiferomagnetically, which, in turn, influences the iron mag-
netism. A magnetic structure for both subsystems has been proposed from µSR
experiments [12]: Below TFeN but above TPrN , the iron moments lie within the FeAs
layers parallel a. The induced Pr3+ moments are oriented antiferromagnetically and
perpendicular to the layers along c.
The Pr order below TPrN leads to a reorientation of both subsystems: The Pr3+
moments are oriented along a, while the Fe moments are canted with a significant
component along c. Indications for significant interactions between the Fe and Pr
subsystems have been found also in substitution studies [91]. Thus, it appears, that
the preferred magnetic structures of the Pr and Fe subsystems compete with each
other. Application of external magnetic fields introduces a third magnetic contri-
bution, which is expected to destabilize the antiferromagnetic orders. In agreement
with this, our magnetostriction and magnetization measurements reveal a field-
induced transition below TPrN , which is attributed to a reorientation of the Pr spins.
7.3.2. Entropy changes
A considerable magnetostrictive effect is observed for PrFeAsO also over an ex-
tended T range above TPrN . By contrast, LaFeAsO exhibits no visible magnetostric-
tion effect. The large β values of PrFeAsO are, therefore, attributed to the pres-
ence of the Pr3+ ions, probably due to a field-induced change in the occupation
of crystalline electric field (CEF) levels. This is supported by a comparison be-
tween the thermal expansion coefficient α and the entropy change of the system
δS(T ) =
∫ T
0 KCp/T dT . Both properties α(T ) and δS(T ) contain a contribution
due to the crystal lattice, which becomes large with increasing temperature. Since
this contribution is expected to be field independent, we analyze the changes in-
duced by a magnetic field of 9 T. Fig. 7.10 compares the difference in the thermal
expansion coefficient ∆α = α0 T − α9 T to the corresponding change in entropy
∆S = δS0 T − δS9 T. The results are shown on a logarithmic T scale to enlarge the
low-temperature region. Both quantities exhibit a similar temperature dependence.
They are negative at low T , change sign at 11 K and pass through a maximum
around 20 K. Above 80 K, the thermal expansion coefficient is almost field indepen-
dent. Likewise, the change in entropy induced by the magnetic field becomes con-
stant above 80 K and up to at least 200 K, which corresponds to a field-independent
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Figure 7.10.: Comparison of the change in the thermal expansion coefficient to the
change in entropy of PrFeAsO induced by application of a magnetic field
of 9 T. In order to enlarge the low-T range, data are shown on a logarithmic
T scale.
specific heat in this T range. In fact, ∆S is expected to reach zero at high tem-
peratures. The observed small residual value of ∆S is probably due to the limited
resolution of our measurement. Thus, Fig. 7.10 demonstrates that application of a
magnetic field leads to a shift of entropy to higher temperatures and up to 80 K and
to a very similar magnetostrictive effect. In order to understand the origin of the
entropy shift, one has to consider the specific heat of PrOFeAs. It may be treated as
a sum of four contributions from (1) the crystal lattice, (2) the charge carriers, (3)
the Pr3+ multiplet, and (4) the Fe SDW. As mentioned above, the lattice contribu-
tion is expected to be field-independent. It is therefore cancelled by calculating the
difference ∆S = δS0 T − δS9 T. The charge carrier contribution to Cp and, particu-
larly, its change in field is very small. Likewise, the Fe magnetism with TFeN is rather
unchanged by application of a magnetic field of 9 T. The largest contribution to the
entropy shift is expected from Zeeman splitting of the Pr3+ multiplet in magnetic
field, which gives rise to a change in the thermal population of higher CEF levels.
The close similarity between ∆α and ∆S evident from Fig. 7.10 therefore suggests,
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that also the significant magnetostriction of PrFeAsO at elevated temperatures is
due to field-induced changes in the occupation of CEF states.
7.4. Summary
In this chapter, we investigate the field dependent thermal expansion and magne-
tostriction for PrFeAsO by comparison with other quantitative measurements. Not
only the obvious structure transition TS and SDW transition TN similar to all doped
mother compound show up in the high temperature range, but also an unusual large
magneto-elastic effect has been found at the low temperature range. Below TPrN , a
kink is found in the magnetostriction β(B), which is also seen in magnetization
measurements. It has been attributed to a reorientation of Pr3+ moments by the
magnetic field. The large magnetoelastic effect is also observed at temperatures well
above TPrN . There it is believed to be due to field-induced changes of the occupation
of the Pr3+ CEF states.
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Chapter 8
Thermal expansion of
Ca(Fe1−xCox)2As2 single crystals
8.1. Introduction
The growth of large single crystals of the "1111" type materials has been so far
not successful. Due to this experimental limitation, most of the investigated 1111
samples are polycrystals. Thus, the measured thermal expansion data show the con-
tribution of all crystalline directions. As the FeAs layer is a two-dimensional system,
it is interesting to investigated the anisotropy by measurements done along certain
directions. For this single crystals are necessary. Recently, another class of FeAs
based compounds, AFe2As2 (A = Ba, Ca, Sr and Eu) [92–95], has been identified
in which superconductivity can be induced either by doping or by applying hydro-
static pressure. For example, K (hole) doped Ba0.55K0.45Fe2As2 shows a TC as high
as 38 K [53] while Co (electron) doped BaFe1.8Co0.2As2 exhibits a superconducting
transition at 22 K [96]. These compounds of the 122 system are relatively easier
to synthesize than RFeAsO, and the large sample size is suitable for our thermal
expansion measurement. Therefore, they may be a more ideal system for studying
the physics of these new Fe-based superconductors.
8.1.1. Structure
The crystal structure of this AFe2As2 is shown in Fig. 8.1 [54]. It features identical
(Fe2As2) layers as in RFeAsO, but separated by layers composed of a single element
A. In stacking the (Fe2As2) layers in AFe2As2, the layers are oriented such that the
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Figure 8.1.: Schematic crystal structure of AFe2As2 type compound [54].
As-As distances between adjacent layers are closest. Nevertheless, interlayer As-As
distances in AFe2As2 are effectively non-bonding. In RFeAsO, adjacent (Fe2As2)
layers are stacked parallel, with identical orientations, and the (Fe2As2) layers are
further isolated by more complex (La2O2) slabs.
8.1.2. Sample preparation
Single crystals of Ca(Fe1−xCox)2As2 (0 6 x 6 0.20) were grown by the high tem-
perature solution growth method using Sn like flux [95]. The pre-reacted materials
CaAs, Co2As and Fe2As were ground and pressed into pellets in an evacuated quartz
ampoule. The sintered pellets obtained after a certain treatment were used forward
for the single crystal growth. A molar ratio of (Ca(Fe1−xCox)2As2): Sn = 1 : 30 are
used here. These materials were placed in a high quality alumina crucible, together
with a second catch crucible containing quartz wool, and subsequently sealed in an
evacuated quartz ampoule which was farther fixed in an alumina tube. The charge
was slowly heated to 285 ◦C, held at that temperature 3 h, and then slowly heated
to 1090 ◦C. There it was kept for 24h and then was cooled at a rate of about 2.5 ◦C
per hour to 600 ◦C, where the Sn was decanted by flipping the alumina tube up-
side down. It is noticed that only free-standing plate like crystals could be obtained
after decanting the flux out of the crucible. Large and high quality single crystals
of Ca(Fe1−xCox)2As2 with 200 to 500µm thickness were obtained by this method.
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8.1.3. Characterization - phase diagram
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Figure 8.2.: Phase diagram of the Co doped Fe2As2 122 single crystal got from the
magnetization, resistivity, specific heat and µSR measurements
The samples were characterized by magnetization, resistivity, specific heat and µSR
measurements. Based on the results we’ve got from these measurements, the phase
diagram of Ca(Fe1−xCox)As has been drawn in Fig. 8.2 to show the features of
it. As can be seen, similar to the RFeAsO system, the low doped sample also has
two transitions, the structure distortion from tetragonal to orthorhombic and the
magnetic transition of iron. The difference is that for the doping range lower than
x = 0.03 these two transitions happen at the same time, while only when the doping
level is higher than 0.03 they can be separated. For x > 0.06 these two transitions are
suppressed. At the same time superconductivity emerges for x > 0.04. That means,
the samples with Co content between 0.04 and 0.06 have total three transitions
(structure transition, magnetic transition and superconducting transition), which is
different from LaFeAsO.
In this chapter I will mainly concentrate on two samples, the undoped CaFe2As2
parent compound and the Co doped sample with x = 0.056. As they are single
crystals, the linear thermal expansion measurement for a certain direction is avail-
able. The thermal expansion measurement are done along the Fe2As2 layer staking
axis, namely c-axis, which shown in Fig. 8.1. For the undoped CaFe2As2, sample
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thickness along c-axis is 0.3mm, and for the sample with x= 0.056, thickness along
c-axis is 0.35mm. Usually, the sample length used for thermal expansion measure-
ments should not be smaller than 0.5mm in order to reduce the noise signal. Having
this in mind, the Ca(Fe1−xCox)2As2 samples used for measurements have a rather
small sample length. Therefore it is a surprise that large and clear signals are ob-
served, which is different from the RFeAsO polycrystals. The preliminary results
and discussion are presented in this chapter.
8.2. Measurements and results
8.2.1. Undoped CaFe2As2 single crystal
-10
0
10
0 100 200 300
-3
0
3
 
Therm
al expansion 
c  (10
-5/K
)
 
Ca(Fe,Co)2As2 
x=0
Temperature(K)
T
S,N
=167(1)K
 
L c
/L
c (
10
-3
)
Figure 8.3.: Linear thermal expansion α and the length change ∆Lc/Lc of CaFe2As2
undoped sample. Data for αc are shown in an enlarged scale.
The linear thermal expansion of CaFe2As2 undoped sample has been measured along
c-axis with the length Lc= 0.3mm. The temperature dependence of the relative
length change ∆Lc/Lc of CaFe2As2 is shown in Fig. 8.3 together with the linear
thermal expansion coefficient αc. Note, that αc is shown on a larger scale. The
maximum / minimum around 150 K reaches values of the order of 10−3/K.
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8.2 Measurements and results
In Fig. 8.3, αc shows a clear and dramatic first order transition around 167 K. This
values corresponds to the transition temperature which has been observed by mag-
netization, resistivity and specific heat data, which can be found in Fig. 8.2. This
transition has been determined as a combination of both structure and magnetic
transition [97].
The high temperature tetragonal (I4/mmm) structure transforms to a lower sym-
metry orthorhombic (Fmmm) unit cell rotated 45° with respect to the tetragonal
basal plane axes. Also, coincident with the structural transition, a commensurate
antiferromagnetic ordering of the Fe moments is observed, with a saturated moment
of 0.80(5)µB/Fe directed along the orthorhombic a-axis [98].
But beside the clear structure and magnetic transition, there are still several features
which should be notice:
• Taking a look first on ∆Lc/Lc, it is found, that the sample length initially
decreases upon heating. Therefore, αc is negative at low T . This behavior is in
strong contrast to the one observed for RFeAsO. However, here αc is measured
instead of a volume effect for polycrystalline 1111.
• At the temperature above TN,S, the ∆Lc/Lc behaves rather linear, thus the
thermal expansion αc is constant, which quite different from the specific heat
data that has the typical behavior of a phonon contribution at the high tem-
perature range. The effective Grüneisen parameter is also rather constant
above the phase transition, indicating no other contributions at this temper-
ature range.
• Below 100 K, a weak increase of ∆Lc/Lc with decreasing temperature has
been found, indicating some lattice changes. It is more clearly seen in α, that
has a weak negative peak around 75 K. For this anomaly, no similar thermal
expansion data can be found from the published literature till now, which
makes this feature rather peculiar and worth investigating.
8.2.2. Ca(Fe1−xCox)2As2 (x= 0.056) single crystal
Our sample with doping level of x = 0.056 is a special one because it is between the
doping level from 0.04 and 0.06. According to the phase diagram, see Fig. 8.2, for this
sample, while sweeping the temperature, three features are expected: the structure
transition, the magnetic transition of iron and also the superconducting transition.
These tree transition temperatures observed by magnetization measurements are
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Figure 8.4.: Linear thermal expansion αc and the length change of Ca(Fe1−xCox)2As2
x= 0.056.
TS = 102(2) K, TFeN = 92(2) K and TC = 19(1) K respectively. The transition
temperatures obtained by resistivity measurements, TS = 101(1) K, TFeN = 89(1) K
and TC = 20(1) K, are rather corresponding. Since the structural and magnetic
transitions are already well separated by approximately 20 K, we expected a good
resolution of both features in our thermal expansion measurement.
Fig. 8.4 shows the thermal expansion coefficient αc and the length change ∆Lc/Lc
of Ca(Fe1−xCox)2As2 for x = 0.056. As we can see from the ∆Lc/Lc data, a large,
broad negative peak is observed around 106 K, which is more clearly seen in the steep
increase of the αc data in this T range. The minimum in ∆Lc/Lc is demonstrated
by α = 0 as show by the dashed line in Fig. 8.4. Above this transition, the unusual
linear behavior of ∆Lc/Lc which has been already mentioned for the x = 0 sample
in the late section, is also found for the x = 0.056 sample. Taking a look at αc(T ),
a negative peak appears around 85 K.
According to the resistivity measurements, the sample with doping level of x= 0.056
shows superconductivity below temperatures of 20 K. However at this temperature
range, there is no clear anomaly seen in ∆Lc/Lc and αc. The measurement of specific
heat reveals no sign of the SC transition temperature as well as of the structural
and magnetic transitions around 150 K.
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8.2 Measurements and results
According to the magnetization and resistivity measurements, it seems that the
sample with x= 0.056 is special because it represents totally three features. As
we know for the RFeAsO1−xFx with R = La, Ce, Pr, the structure and magnetic
transition of iron moment are disappearing with the emergence of superconductivity.
The large slope seen in Fig. 8.4 for the αc(T ) data around 106 K is similar to the
structure transition measured by resistivity around 101 K. But the transition in
∆Lc/Lc is so broad that it is difficult to distinguish the structural transition and
SDW transition of iron.
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Figure 8.5.: Comparison of linear thermal expansion αc for Ca(Fe1−xCox)2As2 both x
= 0 and x = 0.056.
By comparing the linear thermal expansion αc for both the x= 0 and x= 0.056
sample, it can be seen in Fig. 8.5, the sharp 1st order structure transition for x= 0
is rather smeared for x= 0.056. The small anomaly which we mentioned around 80 K
for x = 0 seems still to exist, while unfortunately correlated with the broad peak
which might be the combination of structure transition and magnetic transition of
iron.
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8.3. Summary
In this chapter, I presented some very preliminary thermal expansion results on
the new 122 Ca(Fe1−xCox)2As2 compound with both x = 0 and x = 0.056. All
the thermal expansion data are measured along the staking direction of the Fe2As2
layers. The thermal expansion data of the 122 single crystal with x = 0 shows a large
clear signal which is far sharper than the signal for the RFeAsO 1111 ploycrystals.
Some important features have been pointed out for the data indicating that our
device is rather suitable to investigate single crystals. For a complete determination
of the thermal expansion coefficients it will be necessary to measure along all 3
directions. With our devices, although it shows rather good ∆Lc/Lc data, which
are similar to those reported already [99], it is rather difficult to measure along the
a and b axis. Future studies should be done to this promising direction.
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Chapter 9
Summary
In this work, a 3-terminal capacitance dilatometer was set up and used for mea-
surements of the thermal expansion and magnetostriction of novel superconducting
iron pinictides and related materials. In particular, RFeAsO with R = La, Ce, Pr,
Sm, Gd, LaFeAsO1−xFx and Ca(Fe1−xCox)2As2 have been investigated.
The capacitance dilatometry is a powerful tool that offers the possibility to perform
high precision thermal expansion and magnetostriction measurements at high reso-
lution level. After several improvements to the measurement setup and calibration
procedure, effects of unstable thermal environment and influence due to changes
of magnetic field were minimized. By comparing to the thermal expansion data of
typical samples, copper and aluminum, from literature, it has been found that our
dilatometer exhibits a resolution up to ∆L/L ∼ 10−7. By considering the back-
ground signal, it can be applied in the temperature range from 5 K ∼ 300 K and
magnetic fields up to 18 T.
The data on polycrystalline LaFeAsO1−xFx are the first published results on this
material. For the undoped material, large anomalies of the coefficient of the volume
thermal expansion αV (T ) are found at the structural and magnetic transitions of
the samples with x 6 0.04. By contrast, the superconducting LaFeAsO1−xFx with
x = 0.05 and 0.1, exhibits neither the structural nor the magnetic phase transition.
The strong differences between the αV (T ) curves for the magnetic and the super-
conducting samples extend to temperatures well above the structural transition.
Analyzing this difference in view of specific heat, x-ray diffraction, and resistivity
data indicates strong fluctuations in LaFeAsO1−xFx (x 6 0.04) over a large T range
above the structural transition temperature TS. The implications for the phase dia-
gram of LaFeAsO1−xFx are discussed, particularly at the crossover from a magnetic
to a superconducting ground state.
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9 Summary
The effect of substituting La by other rare earth ions on the structural and mag-
netic ordering phenomena in the undoped compounds has been studied in chapter
6. The thermal expansion data of polycrystalline RFeAsO (with R = La, Ce, Pr,
Sm, Gd) are presented and discussed. Again, clear anomalies of the coefficient of the
volume thermal expansion have been found at the structural and magnetic transi-
tions, i.e., at TS and TN, respectively. Similar fluctuation effects as in LaFeAsO are
found also in the other rare-earth doped samples. Moreover, magnetic ordering of
the rare earth moments is associated to low temperature anomalies of the thermal
expansion coefficient. Especially, at low temperature, a large anomaly in the ther-
mal expansion of PrFeAsO may suggest interesting effects associated with the Pr3+
magnetic moment.
In chapter 7, thermal expansion and magnetostriction measurements are used to
study the rare earth magnetism in PrFeAsO. This compound exhibits the largest
rare earth ordering temperature within the RFeAsO series. Like all parent phases
of the RFeAsO family, PrFeAsO undergoes two subsequent phase transitions upon
cooling around 150 K. A structural distortion from tetrahedral to orthorhombic
follows a commensurate spin-density wave (SDW) transition of the Fe spins at
TFeN ≈ 125 K. In addition, magnetic ordering of the Pr3+ moments is observed
at TPrN = 11 K. The large anomaly at this temperature in the thermal expan-
sion of PrFeAsO may be associated with effects of Pr magnetic moments. Below
100 K a large positive magnetostriction is observed, which is in strong contrast to
LaFeAsO. It is therefore attributed to the presence of the magnetic Pr3+ ions. How-
ever, PrFeAsO contains two types of magnetic moments from the Fe and the Pr.
The magnetic structure is determined by the ordering of both subsystems and their
interactions. So the unusual magnetoelastic effect is caused by the contributions
for both of the two magnetic subsystems. For comparison we also show resistivity
and magnetization data in different magnetic fields. As result, the magnetic phase
diagram of PrFeAsO is presented and discussed.
In the last of this part (Chapter 8), some thermal expansion results on
Ca(Fe1−xCox)2As2 single crystals with both x = 0 and x = 0.056 are presented.
Due to the shape limitations, the measurements have been done only along the
layer stacking direction, i.e. the c-axis. For the x = 0 sample, the combination of
both the structure and magnetic transition around 150 K shows a large and sharp
first order transition peak in the thermal expansion data. For the SC sample with
x = 0.056, the transitions seem correlated to each other and hard to distinguish, but
the anomalies are obvious. This proved that our dilatometer is rather suitable for
single crystal measurements. The interesting features shown in the data motivate
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us to further investigate this whole series, and also the thermal expansion along
different axes of the single crystal.
To all these iron pnictide compounds studied in this work, capacitance dilatometry
was successfully applied to perform high precision thermal expansion and magne-
tostriction measurements. Many interesting features have been found and discussed
from the thermodynamic aspect. The aim of providing a valuable insight in the re-
spective ordering phenomena and the thermodynamic properties has been realized.
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Abstract
In this work, a 3-terminal capacitance dilatometer was set up and used for mea-
surements of the thermal expansion and magnetostriction of novel superconducting
iron pinictides and related materials. In particular, RFeAsO with R = La, Ce, Pr,
Sm, Gd, LaFeAsO1−xFx and Ca(Fe1−xCox)2As2 have been investigated.
The data on polycrystalline LaFeAsO1−xFx are the first published thermal expan-
sion data on this material. The lattice effects at the structural and the magnetic
phase transition have been investigated and the phase diagram upon F-doping has
been studied. A main result is the observation of a previously unknown fluctuation
regime for the doping level x 6 0.04 over a large T range above the structural
transition temperature TS. The absence of any structural anomalies in the normal
state of the superconducting LaFeAsO1−xFx samples with x > 0.05 corroborates
the discontinuous character of the phase boundary not only for the magnetism but
also for the structural degrees of freedom.
Similarly, the presence of high-temperature fluctuations is found for all RFeAsO un-
doped materials under study. The discussion of the probable origin of the fluctua-
tions as well as the definition of the structural transition temperature TS are done.
The low temperature features shown by the thermal expansion data for RFeAsO are
caused by the onset of long range magnetic order of the 4f -moments and their differ-
ent configurations. In particular, PrFeAsO, which has a very pronounced anomaly
associated with Pr-ordering exhibits a large magnetostriction at low temperatures.
By discussing this effect along with the magnetization, resistivity and other mea-
surements, it is found that this large magneto-elastic effect may originate from the
correlations between the momentum from Fe3+ and Pr3+.
Last, the thermal expansion of Ca(Fe1−xCox)2As2 122 single crystals is investigated.
Ca(Fe1−xCox)2As2 is one of the first materials where single crystals are available.
The thermal expansion results on the undoped compound with x = 0 show a large
anomaly at the combined magnetic and structural transition which is far sharper
than that for polycrystalline systems. Upon doping, both transitions are suppressed
and their splitting is visible in the thermal expansion data.
The high precision thermal expansion and magnetostriction results presented in this
work are among the first data on the novel family of iron-based superconductors.
A valuable insight in the respective ordering phenomena and the thermodynamic
properties is provided.
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